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Figure 5.28 SEM-BSE images showing high-contrast precipitates for (a) LoZr, (b) HiZr,
(c) LoHf, and (d) HiHf alloys. These precipitates are highlighted in (a) for LoZr.
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Figure 5.29 TEM image of the HfC precipitate microstructure in HiHf in the unirradiated
condition.
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Figure 5.30 TEM image of the ZrC precipitate microstructure in HiZr in the unirradiated
condition.
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Figure 5.31 Size distribution of HfC precipitates in unirradiated HiHf.
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Figure 5.32 Size distribution of ZrC precipitates in unirradiated HiZr.
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Figure 5.33 Mass/charge ratio for LoZr: (a), (b), and (c) in the unirradiated condition, (d)
at 3 dpa, and (e) at 7 dg)a. Zr intensity peaks are shown with Mo peaks to demonstrate the
presence of the 2+ Zr* peak and the overlap of subsequent 2+ Zr peaks with Mo 2+
peaks. The presence of Zr is detected for the unirradiated condition in (b).
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Figure 5.34 Mass/charge ratio for HiZr: (a) in the unirradiated condition, (b) and (c) at 3
dpa, and (d) at 7 dpa. Zr intensity peaks are shown with Mo peaks to demonstrate the
presence of the 2+ Zr*® peak and the overlap of subsequent 2+ Zr peaks with Mo 2+
peaks. The presence of Zr is detected in the unirradiated condition and at 3 and 7 dpa,
shown in (b), (c) and (d). Unidentified peaks occur (b), (c) and (d) which cannot be
attributed to any particular element.
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Figure 5.35 Mass/charge ratio for (a) unirradiated LoHf, (b) unirradiated HiHf, and (c)
HiHf at 3 dpa. Hf intensity peaks are shown for the HiHf alloy only. The absence of Hf
peaks for LoHf indicates that the Hf in solution is below the detectable limit. The
presence of Hf is detected in the unirradiated condition in (b) but uncertain in (c), due to
additional peaks with a lower mass/charge ratio than Hf which cannot be identified.
Notice that any Hf in solution in LoHf is below the detection limit and cannot be seen in
the mass/charge ratio spectrum.
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Figure 5.36 The final image taken in FIB prior to last annular milling process. Although

the image is blurry and may require additional focusing, more scans for the purpose of
focusing mean more Ga' ion implantation into the sample tip.
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Ni clusters

Figure 5.37 Atom maps of Ni for (a) unirradiated HiZr, (b) LoZr at 3 dpa, and (c) HiZr at
7 dpa. No precipitation of Ni is observed until after irradiation of the alloys.
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Figure 5.38 Atom maps of Si for (a) unirradiated HiZr, (b) LoZr at 3 dpa, and (c) HiZr at
7 dpa. No clustering of Si is observed until after irradiation of the alloys.
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(a) (b)
Figure 5.39 Atom maps of oversized solute for (a) unirradiated LoZr (b) HiZr at 7 dpa,

and (c) unirradiated HiHf. The distribution of oversized solute does not appear to be
clustered nor is there any change in distribution due to irradiation dose.

234



CHAPTER 6

MODELING OF OVERSIZED SOLUTE EFECTS ON RIS

This chapter consists of three principal parts: 1) the use of the MIK model to
calculate RIS for Fe-Cr-Ni alloys, and the incorporation of the process by which
oversized solute atoms are believed to affect RIS, 2) determination of the solute-vacancy
binding energies for Zr and Hf in a pure fcc Fe system, using a first-principles method,
and 3) assessment of the effect of oversized solutes on RIS using the calculated binding

energies.

6.1 RIS Modeling

This section describes the use of the MIK model, a rate-theory model, to
determine the amount of radiation-induced segregation. The MIK model is modified to
incorporate a process for the trapping of point defects by oversized solute atoms in
stainless steel. The MIK model is first benchmarked to match past results in the
literature. The trapping process is then incorporated into the MIK model, and the
resulting model, MIK-T, is exercised over the various parameters controlling the trapping
process, followed by variations in temperature, dose, dose rate and oversized
soluteconcentration. Finally, the section concludes with a sensitivity analysis and the

significance of the results to the MIK-T model predictions.

6.1.1 The MIK Model
The MIK model is a rate-theory model that determines RIS for a binary or ternary

alloy [33]. The model has been presented in detail in section 2.1. This model is used as
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the basis for the modeling of oversized solutes because of the good agreement between
model calculations and experimental values. The MIK model is based on the “Perk’s”
model developed by Perks et al. [60]. The Perks model is also a rate-theory model for
calculating RIS, which assumes that segregation occurs through differences in the
vacancy diffusivities for the alloy elements. Allen et al. [33] extended the Perk’s model to
include composition-dependent vacancy diffusivities for Fe, Cr and Ni. The MIK model
is the foundation for testing the process of vacancy trapping with oversized solute atoms.
The input parameters to the MIK model have been described in detail by Allen et
al. [33]. These input parameters formed the basis of the MIK model and resulted in good
agreement in segregation results between model and experiment. Since alloy and
irradiation conditions in this study are very similar to those used by Allen et al., this study
will continue to use the MIK model parameters. The values of the parameters are listed

in table 6.1 and include the references from which the values were taken.

6.1.2 The MIK Model with Trapping

Oversized solutes are believed to affect RIS by altering the concentrations of

vacancies and interstitials in the matrix by acting as traps for vacancies, thus promoting
enhanced recombination with migrating interstitials. The processes by which oversized
solutes affect RIS are: 1) trapping, whereby freely migrating vacancies are captured by
the oversized solute atom, forming a solute-vacancy complex, 2) recombination, in which
freely migrating interstitials are able to recombine with the bound vacancy when the
interstitial enters the recombination volume of the solute-vacancy complex, and 3)
release, where bound vacancies are able to dissociate from the solute-vacancy complex
before recombination occurs. The ratio of recombination to release determines the
effectiveness of the oversized solute in altering RIS.

Using the MIK model as a foundation, a trapping process is included to simulate
the effects of oversized solute additions in the ternary alloy. The approach is more
productive than changing the ternary alloy to a quaternary alloy to treat the oversized
solute explicitly because thermodynamic data for Zr or Hf in an austenitic stainless steel

are lacking. Similar work by Mansur et al. [6, 80] and Sakaguchi et al. [21] was
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described in section 2.4.2. The key reaction rate equations are presented again for

reference.
The first three rate equations are for the ternary alloy elements, Fe, Cr and Ni:

oC
—atFe = —V . J Fe: (61)
oC
%:_V'JC“ (6.2)
oC i
==V -JIni- 6.3
ot Ni ( )

These rate equations describe the time rate of change of the concentrations of Fe, Cr and

Ni, in terms of —V - J,, the divergence of the elemental flux, where x represents Fe, Cr

or Ni.
The next two rate equations for the free vacancy and interstitial concentrations,

C, and C, , are:

aCV =-V: ‘]v +dea - KivaCi - Sv Dv (CV _C\?Q)_
(6.4)
K,C°C,+17,C.,
oC. s
a_tlz_v"]i +dea _KivaCi _SiDiCi _RVCVCi' (65)

In these equations, —V - J, is the divergence of the defect flux, Gy, is the defect

production rate, K; C C. is the recombination rate of vacancies and interstitials, and

V=Vl

S, Dy (CV —C\fq) and S;D;C; are the loss rates of vacancies and interstitials to sinks,
respectively. The remaining terms of equations 6.4 and 6.5 represent the trapping

process, where K, C°C, is the trapping rate of freely-migrating vacancies, R,C;C; is the

recombination rate of trapped vacancies with freely migrating interstitials, and z,C; is
the release rate of vacancies from trapping sites. As for the individual variables in the
equations, K, is the recombination coefficient, C;9 is the thermal equilibrium

concentration for vacancies, and Dy is the diffusion coefficient, Cy is the concentration,
and Sy is the sink density, where, x represents the defect type, either vacancies or

interstitials.
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The trapping process terms require additional detail. Starting with the capture
term, K,C°C,, K, is the capture coefficient and C* is the concentration of oversized
solute in solution in the alloy. K, is defined as:

Ky =47-r,D,Np, (6.6)
where D, is the vacancy diffusion coefficient, r; is the capture radius for vacancy
defects, and Np is the alloy number density [52].

In the recombination term, R,CSC;, R, is the recombination coefficient, defined
as:

R, =47-rD;Np, (6.7)
where Dy is the interstitial diffusion coefficient and r; is the recombination radius [52].
The last term of equation 6.4 is the vacancy release rate, 7,C, , where 7, is the

dissociation coefficient and describes the rate at which trapped vacancies are released

from the oversized solute atom [52]:

b
7y =&exp{— Ev :l : (6.8)

a; kgT

Here, a, is the lattice spacing, k; is Boltzmann’s constant, T is the irradiation

temperature, and E? is the binding energy of the solute-vacancy complex.

Finally, the MIK-T model has two additional rate equations for the concentrations

of solute-vacancy complexes and unbound solute atoms, respectively:

€y _k.coc,-r,Co~RCC,, (6.9)
ot
€ __Kc°C,+7,C5+RCC,. (6.10)

Note that equation 6.10 does not need to be solved because it is not an independent

equation. The concentration of unbound solute atoms can be found by:

Cs=C5-CS, (6.11)
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where C; is the initial unbound solute concentration. Note that this model assumes only

one trapped vacancy per solute atom. Furthermore, both free oversized solute and
trapped solute-vacancy complexes are immobile and do not diffuse to sinks. Also, it is
assumed that solute atoms are neither created nor destroyed and that the amount of
oversized solute in solution is constant.

The mechanism of solute trapping and recombination with diffusing interstitials
requires interactions between trapped vacancies and interstitials. Since a trapped vacancy
relieves stress from an oversized solute, it may be a weaker sink for an interstitial than a
free vacancy. However, trapped vacancies do not need to be as strong of sinks as free
vacancies to enhance recombination because their concentration is significantly higher.
For example, for HiZr with a binding energy of 1.08 eV at 400°C and dose rate of 1x10°®
dpa/s, the trapped vacancy fraction is 1.1 x 10~ compared to 6.8 x 107 for the free
vacancy concentration, a difference more than six orders of magnitude. The result is a
much higher probability for interaction between trapped vacancies and interstitials as
compared to interactions with free vacancies that overwhelms the difference in sink

strength and results in a substantial increase in the recombination of point defects.

6.1.3 Model Results

To solve for the differential equations in section 6.1.2, the MIK model uses

GEAR, a software package that solves initial value problems for a system of differential
equations [102-104]. The system of differential equations is solved by GEAR, with
appropriate initial conditions and boundary conditions, using finite differences to solve
spatial derivatives with a continuous time variable [105]. A driver subroutine calculates
initial values for the current time step based on the values from the previous time step
until the solution reaches the final time step desired. Considering symmetry at the grain
boundary surface, only half of the thin-foil problem needs to be solved, with the other

side of the boundary reflecting the same concentration profile.

6.1.4 Model Benchmarking

The MIK model is used to calculate Cr depletion and Ni enrichment for a Fe-

20Cr-24Ni alloy to a dose of 0.5 dpa using a dose rate of 7 x 10 dpa/s to match the
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results shown from Allen et al. [33]. Calculations are performed with temperatures
ranging from 200 — 600°C. Figure 6.1 gives the calculated grain boundary Cr
concentration as a function of temperature shown previously by Allen et al. [33] and the
MIK and MIK-T model results for the same input data, where the trapping process is
turned off by setting input parameters equal to zero in the MIK-T model. The MIK and
MIK-T model results in this study are identical, which shows that the trapping process
has not modified the RIS behavior of the MIK model when the trapping process is turned
off. The MIK and MIK-T model results have a small difference from the results of Allen
et al. [33] at less than 0.3 at% at any temperature. The difference from the MIK and
MIK-T model results from the results by Allen et al. [33] is likely due to differences in
convergence criteria used for the calculations.

Figure 6.2 gives MIK results from Allen et al. [33] compared to MIK-T results,
this time for grain boundary Ni concentration as a function of temperature. The results
for the MIK and MIK-T model results are again identical, showing that the trapping
process does not modify RIS behavior in the MIK model. Again, a small difference
exists from the results by Allen et al. [33], and the difference is attributed to differences

in convergence criteria used to solve the calculations.

6.1.5 MIK Model Results

The MIK model is exercised as a function of temperature, dose and dose rate.

The purpose is to identify trends in segregation behavior in the MIK model so that future
comparisons with the MIK-T model can reveal the predicted effects of oversized solute
alloys on segregation. The calculations are based on a Fe-16Cr-13Ni alloy using the

input values listed in table 6.1.

6.1.5.1 Irradiation Temperature Dependence

The MIK model results for grain boundary concentrations of Cr and Ni as a
function of temperature from 200 — 600°C using a constant dose rate of 10° dpa/s are
shown in figure 6.3. Cr is distinguished by a green line and Ni by an orange line. The
figure also shows horizontal lines across the figure to denote the bulk, or matrix, Cr and

Ni concentrations. The figure shows that RIS peaks at intermediate temperatures of 400
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—500°C. At low temperature, point defect diffusivity is low, so recombination dominates
and few defects migrate to the grain boundary to cause segregation. At high temperature,
point defect diffusivity is so high that large concentration gradients at the grain boundary
cannot be established. Maximum segregation occurs around 450°C, as shown previously
for the MIK model [33]. This temperature represents the point at which point defect
diffusivity is high enough that diffusion to the grain boundary dominates over
recombination, but low enough that a large concentration gradient at the boundary can be

maintained without substantial back-diffusion.

6.1.5.2 Dose Dependence

Grain boundary concentrations for Ni and Cr as a function of dose at 400°C are
shown in figure 6.4. Horizontal lines on the figure denote the matrix Cr and Ni
concentrations. Concentrations for both Cr and Ni change quickly at low dose, with most
of the change in concentration occurring by 1 dpa. After 3 dpa, RIS has saturated and

changes in grain boundary concentrations are small.

6.1.5.3 Dose Rate Dependence

The MIK model results for grain boundary concentrations of Cr and Ni as a
function of dose rate from 10 — 10°® dpa/s using a constant temperature of 400°C are
shown in figure 6.5. The figure shows horizontal lines across the figure to denote the
matrix Cr and Ni concentrations. At the highest dose rate of 10 dpa/s, point defect
diffusivity is low enough that, given the high production rate, recombination will
dominate as there is less time for point defects to diffuse to sinks. At 10® dpars, the
production rate is low enough, and the temperature high enough, that back diffusion at
the grain boundary will limit the amount of segregation that will develop. Maximum
segregation occurs around 10 dpa/s where low recombination and limited back diffusion
at the boundary balance with the rate of defect diffusion to the grain boundary to cause

the maximum segregation.
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6.1.6 MIK-T Model
To determine the expected effects of oversized solute additions on RIS, the MIK-

T model must be exercised as a function of the same variables as the MIK model,
temperature, dose and dose rate. However, before doing so, values must be established
for the three additional input parameters required for the MIK-T model. These
parameters include the solute-vacancy binding energy, trapping radius, and
recombination radius. Values for these parameters, however, are not known. Others
have examined the values for binding energy, even back-calculating its value based on
experimental data [6, 21, 23, 80]. But no experiments exist that have directly measured
these parameters. Therefore, it is important to test the MIK-T model to determine
variations in grain boundary concentrations as a function of these input parameters.

The input parameters have reference values of 0.5 eV for the binding energy and
0.5 nm for the trapping and recombination radii. Sakaguchi et al. [21] inferred a larger
binding energy than 0.5 eV when measuring segregation of Zr and Hf additions to 316SS.
However, the lower value of 0.5 eV is chosen so that more variation in segregation can be
seen for the trapping and recombination radii. A large binding energy (1.0 eV) would
diminish the effect of any variation seen in these radii. The trapping and recombination
radii represent the distance to a 4™ nearest-neighbor position in a face-centered cubic
(fcc) unit cell for a Fe-Cr-Ni alloy. This value is a reasonable approximation of the
interaction distance of oversized solute atoms. Further justification for the trapping and
recombination radius will be addressed in section 6.2.4. Values for the MIK-T model
input parameters used here are the same that will be used in the sensitivity analysis of
section 6.1.8.

The following analyses are of the MIK-T model input parameters is conducted for
a Fe-16Cr-13Ni alloy with the experimental variables set to a temperature of 400°C with

a dose rate of 1 x 10°° dpa/s, a dose a 1 dpa, and a solute concentration of 0.5 at%.

6.1.6.1 Binding Enerqgy

The binding energy describes the strength of the solute-vacancy trap. Increasing

the binding energy decreases the probability that the vacancy will escape the solute atom,

which increases the probability for recombination with an interstitial. Consequently,
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large binding energies will have a significant impact on the MIK-T model by reducing
the defect population, and hence the flux of defects to grain boundary sinks through
enhanced recombination.

To quantify the effect of binding energy on RIS, the binding energy is varied from
0to 1.0 eV, and the changes in grain boundary Cr and Ni concentration are shown in
figure 6.6, with Cr in green and Ni in orange. The reference value of 0.5 eV is also
shown on the figure with a vertical line. With a binding energy of 0 eV, such that no
trapping exists, the Cr concentration at the grain boundary is nearly 10 at%, while Ni is
around 22 at%. This represents the same values seen for the MIK model given the same
irradiation and alloy conditions as shown in figure 6.3 (at 400°C). At low binding
energies, the changes in segregation are small. Increasing the binding energy further has
an increasing impact on RIS, such that by 1.0 eV, both Cr and Ni concentrations have a
difference from the matrix concentrations of less than 1 at%, so RIS is mostly eliminated
by 400°C with a binding energy of 1.0 eV.

6.1.6.2 Trapping Radius

The trapping radius controls the rate at which vacancies are trapped by oversized

solute atoms. No known experimental measurements exist on which to base a trapping
radius for Hf or Zr in oversized solute alloys. Therefore, this input parameter is exercised
to determine its effect on segregation behavior.

Figure 6.7 shows the grain boundary concentrations for Ni and Cr as a function of
trapping radius. The trapping radius is varied from 0 to 1 nm, with 1 nm representing
about 3 times the lattice parameter. The reference value of 0.5 nm is shown by a vertical
line on the figure. The trapping radius of 0 nm represents the system without trapping.
The result at this point is the same as the value for the MIK model without trapping,
shown in figure 4.3 (at 400°C). The next data point occurs at 0.3 nm, which is
approximately the distance to the first nearest neighbor position. A distance less than the
first nearest neighbor position for the recombination radius would not be physically
meaningful, so the region is shaded in grey to denote that values less than 0.3 nm are not

considered.
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Most of the change in concentration occurs with a trapping radius of 0 — 0.3 nm.
By 0.3 nm, the grain boundary Cr concentration has increased from 10 at % to nearly 15
at%, and little change in grain boundary concentration occurs with a larger trapping
radius. The significance here is that small, realistic values for the trapping radius are all
that is required for reductions in RIS.

The reason why a large value for the trapping radius does little to change RIS is
due to the interaction volume. The trapping radius defines an interaction volume around
the oversized solute atom, so a radius of 1.0 nm has an interaction volume of 4.19 nm?,
compared to an atomic volume of roughly 0.012 nm®. The interaction volume
encompasses over 300 lattice sites, so if the solute concentration is 0.5 at%, then 1 in 200
lattice sites contain an oversized solute, and the solute interaction volumes are
overlapping. This illustrates that the interaction volume is a function of both the trapping
radius and the solute concentration. When interaction volumes overlap, further increases

in the trapping radius will have little additional impact on RIS.

6.1.6.3 Recombination Radius

The recombination radius controls the rate at which migrating interstitials
recombine with vacancies trapped in a solute-vacancy complex. Like the trapping radius,
there is no experimental basis for the recombination radius of Hf or Zr in oversized solute
alloys. Again, this input parameter must be exercised to determine its effect on
segregation behavior.

The results for the variation of the recombination radius, shown in figure 6.8, are
nearly the same as figure 6.7. Figure 6.8 shows the grain boundary Cr and Ni
concentrations as a function of the recombination radius, which is varied from 0 — 1 nm.
Again, the reference value of 0.5 nm is noted by a vertical line on the figure. A radius of
0 nm is the same as the value for the MIK model without trapping, shown in figure 6.3 (at
400°C). The next data point occurs at 0.3 nm, which, as explained in section 6.1.6.2, is
approximately the distance to the first nearest neighbor position. The region from 0 — 0.3
nm is again shaded grey as this represents a radius less than the distance to the 1% nearest

neighbor.
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Like the trapping radius, most RIS reduction occurs by 0.3 nm for the
recombination radius. Increasing the value beyond this does little to increase the

effectiveness of the MIK-T model due to overlapping interaction volumes.

6.1.7 Variation of Experimental Variables

The MIK-T model is exercised to explore the variations in segregation behavior
as a function of irradiation and alloy variables such as temperature, dose, dose rate and
oversized solute concentration. The purpose is to understand segregation behavior as a
function of these variables to establish what effect they have on segregation when
comparing the reference alloys to the oversized solute alloys. For variations in
temperature, dose and dose rate, the MIK and MIK-T model results are compared. This
explains in what temperature and dose rate regime oversized solutes are expected to have
the most effect in reducing grain boundary segregation.

All model calculations are for a Fe-16Cr-13Ni alloy, with results shown at 1 dpa.
The MIK-T model uses the same input parameter values as section 6.1.6 for the trapping
and recombination radii at 0.5 nm. The exception is the binding energy, which is now 1.0
eV and represents an approximate value of the binding energies determined by Sakaguchi
et al. [21] when measuring segregation of Zr and Hf additions to 316SS.

6.1.7.1 Irradiation Temperature

RIS is calculated as a function of irradiation temperature to determine where the
MIK-T model is most sensitive to temperature and, therefore, most effective at reducing
segregation as compared to the MIK model.

Figure 6.9 shows grain boundary Cr concentrations for both the MIK and MIK-T
models as a function of irradiation temperature at 1 dpa with a constant dose rate of 10
dpa/s. MIK results are in black while MIK-T results are in green. For the MIK model,
maximum segregation occurs around 450°C, and segregation is substantially less at the
temperature extremes of 200°C or 600°C, as discussed in section 6.1.5.1. Results for
MIK-T are somewhat different, with a maximum segregation at 350°C, and virtually no

segregation occurring at temperatures of 500°C or higher.
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Temperature results at either end of the spectrum in figure 6.9 show little
segregation for the MIK model, so it is no surprise that the MIK-T model also shows
little to no segregation at these temperatures. Seen another way, the percent difference
between the MIK and MIK-T models, which is shown in figure 6.10, reveals that with
increasing temperature, the percent difference between the two models increases. The
difference reaches a maximum at 450°C, whereupon at higher temperatures, differences
between the models begin to decrease.

At low temperature, point defect diffusivity is very low, so RIS for the MIK
model is also low. Consequently, the difference between the MIK and MIK-T models is
small. The difference between models is also small at high temperatures, except that
here, point defect diffusivity is large enough that a concentration gradient at the grain
boundary does not develop. Again, RIS for the MIK model will be small at high
temperature, so its difference from MIK-T is small.

For results around 450°C, where the MIK model shows a maximum in
segregation behavior, the MIK-T model is most effective. This is due to the fact that
segregation in the MIK model has reached a maximum, so the MIK-T model is able to
make the greatest difference at 450°C and therefore exhibits the highest degree of
effectiveness.

The MIK model has about the same amount of Cr depletion at both 400°C and
500°C, as shown in figure 6.9, but the MIK-T model shows less segregation at 500°C
than 400°C. The reason for a more effective trapping process at the higher temperature
requires a more detailed explanation.

Examining the dissociation coefficient in equation 6.8, the temperature is in the
denominator of the exponential. Figure 6.11 shows the value of the exponential as a
function of temperature. Increasing the temperature makes the dissociation coefficient
larger, so the rate of solute-vacancy dissociation (or vacancy release) increases. As a
higher fraction of trapped vacancies are released, it follows that a lower fraction of
trapped vacancies recombine. These ratios are shown in figure 6.12, where the release
and recombination rates divided by the trapping rate are plotted as a function of
temperature, with release rate in blue and recombination rate in red. With increasing

temperature, relative to the trapping rate, as the release rate increases, the recombination
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rate must decline. Although the trapping process appears to be less effective with
increasing temperature, this is not necessarily the case, as explained next.

Increasing the temperature increases the magnitudes of the trapping,
recombination and release coefficients in the MIK-T model. The capture and
recombination coefficients in equations 6.6 and 6.7 contain the temperature-dependent
variables of vacancy diffusivity (in the trapping coefficient) or interstitial diffusivity (in
the recombination coefficient). Increasing the temperature means that the diffusivities,
and hence the coefficients for trapping and recombination, will increase with
temperature. The same is also true for the release rate, which includes the exponential
and the vacancy diffusivity.

The values for the recombination rate as a function of temperature are shown in
figure 6.13, where the ratio is relative to the rate at 200°C where recombination was
highest. From 200 — 450°C, the recombination rate decreases due to competition from
the release term, as explained by figure 6.12. By 450°C, the release coefficient is
increasing less rapidly (the magnitude of the slope decreases) than at low temperatures, as
explained by figure 6.11. From 450 — 600°C, the magnitudes of trapping and
recombination coefficients increase faster than the magnitude of the release coefficient,
with the result that the relative recombination rate increases again after 450°C. The
effect is for MIK-T to show less segregation at 500°C than at 400°C because of the
higher recombination rate.

The results shown in figure 6.11 through 6.13 illustrate that at temperatures of
450°C and above, the relative recombination rate increases, making the trapping process
more effective. The result is that the MIK-T model calculates less segregation at 500°C
than at 400°C and indicates that oversized solute alloys should show less RIS at the

higher temperature.

6.1.7.2 Dose

Grain boundary Cr depletion for the MIK and MIK-T models are plotted as a
function of dose up to 3 dpa at 400°C in figure 6.14. MIK values are the same as the
values shown in figure 6.4. Both MIK and MIK-T change at similar rates after ~ 0.5 dpa.

However, the MIK model changes quickly at low dose, such that the differences between
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models are substantial by 0.5 dpa. The percent difference between the MIK and MIK-T
models can be seen in figure 6.15, where the difference between models increases
quickly at low dose, and at less than 0.5 dpa the difference between the models is close
the maximum. By 1 dpa, neither model shows any significant change in Cr
concentration, indicating that segregation is mostly saturated, and the difference between

the models is nearly constant.

6.1.7.3 Dose Rate
Although proton irradiations are performed with a relatively fixed dose rate,

knowing how the MIK-T model varies as a function of dose rate might help in
understanding results between irradiations with different particle types, where dose rates
can vary considerably.

Variations of the dose rate are shown in figure 6.16, where the MIK model is
again shown in black and MIK-T model shown in green. The MIK model shows
increasing grain boundary Cr concentration with increasing dose rate up to 107 dpa/s,
after which the Cr concentration decreases, as mentioned in section 6.1.5.3. The MIK-T
model shows the opposite trend, with the lowest grain boundary concentration occurring
at 10 dpa/s and increasing Cr concentration with decreasing dose rate.

For a 400°C irradiation, at the highest dose rate of 10 dpa/s, the MIK model
shows the least segregation. Although recombination is enhanced in the MIK-T model,
increased recombination is insignificant compared to the number of point defects
diffusing to the grain boundary. The traps are overwhelmed by the high production rate.
Figure 6.17 shows the trapped vacancy concentration and the ratio of the trapped vacancy
concentration to the defect production rate (dose rate) as functions of dose rate. Although
the trapped vacancy concentration is larger at 10° dpa/s than at 10°® dpa/s, the dose rate
of 10°® dpa/s has a much higher ratio of trapped vacancies to production rate. This means
that, relative to the number of vacancies being created per unit time, the number of
trapped vacancies is much higher at 10 dpa/s, and more trapped vacancies are available
for recombination, with fewer vacancies migrating to the grain boundary to cause RIS.

Figure 6.18 plots the concentrations of freely migrating vacancies and trapped

vacancies relative to their maximum values at 10 dpa/s. The figure shows that, as the
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dose rate decreases, the freely migrating vacancy concentration decreases dramatically
while the trapped vacancy concentration decreases only slightly, leaving a higher fraction
of vacancies trapped with solute atoms and available for recombination, and consequently
less RIS.

6.1.7.4 Oversized Solute Concentration

Sensitivity of the MIK-T model to oversized solute concentration provides an
understanding of segregation in alloys with varying solute levels. Figure 6.19 shows the
grain boundary Cr and Ni concentrations, but now as a function of the oversized solute
concentration from 0 to 1.0 at%. The reference value is shown by a vertical line in the
figure at 0.5 at%. Binding energy is 0.5 eV and the trapping and recombination radii are
0.5 nm. The solute concentration will dictate the number of trapping sites available for
the trapping of vacancies.

Even by the highest concentration of 1.0 at%, grain boundary Cr is still
substantially less than that seen in figure 6.6 with a binding energy of 1.0 eV. In fact,
there is little change in grain boundary concentrations after about 0.1 at% of solute.
Looking at the Ni concentration, for example, the grain boundary value drops from 22
at% with no solute to just below 19 at% Ni with 0.1 at% solute. By 0.3 at% solute, the
amount of Ni is down to 18 at%, and even with 1.0 at% oversized solute in the alloy, the
grain boundary value is still above 17 at%. So the majority of the change in grain
boundary concentrations occurs with less than 0.1 at% oversized solute. Increasing the
solute concentration may increase the number of vacancy trapping sites available, but the
effect is incremental because the solute concentration is already substantially higher than
the vacancy concentration in the alloy at this dose rate. So relatively little solute in

solution is required to cause a substantial change in RIS.

6.1.8 Sensitivity Analysis

A sensitivity analysis reveals the input parameters to which the grain boundary Cr
concentrations in the MIK-T model are most sensitive. Allen et al. [33] performed a

sensitivity analysis for the MIK model previously. Therefore, only the input parameters
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introduced to the MIK-T model will be studied here, which are the binding energy,
trapping radius and recombination radius.

Model sensitivity is determined by the derivative, 6X /0P, of the grain boundary
concentration as a function of an input parameter, where 6X is the change in grain
boundary concentration and 6P is the change in the input parameter [33]. Calculation of
the sensitivity uses the ratio of the difference in grain boundary concentration and input
parameter, 5X /8P , where each input parameter is varied by a factor of 10 about the
reference value to find the difference in grain boundary concentration. The variation of
0C/oP is approximated by the following:

oC N xX C’—Creference

— = , (6.12)
oP P P Preference
where C' is the model-calculated grain boundary concentration, with

C" = Creference + &, and P’ is for the input parameter, with P’ = P,gterence + P . TO
make it easier to interpret the results from the sensitivity analysis, the sensitivities are

expressed in the form of a significance, SS , Which is defined as the fractional change in

calculated concentration relative to the fractional change in input parameter. The

significance is expressed by,

!
=] C _Creference Preference

sg = . (6.13)

!’
P'— Preference Creference

The larger the significance of the input parameter, the more sensitive the model is to that
parameter.

The sensitivity calculations are performed for a Fe-16Cr-13Ni ternary alloy
irradiated at a dose rate of 10°® dpa/s at 400°C or 500°C to a dose of 1 dpa with an
oversized solute concentration of 0.5 at%. The three input parameters to the MIK-T
model which are varied are the trapping radius, recombination radius, and binding
energy. The standard value of each input parameter for the sensitivity study is given in
table 6.2, with a binding energy of 0.5 eV, and trapping and recombination radii of 0.5
nm.

Results from the sensitivity study, consisting of the significance values for the

input parameters, are given in table 6.3 for 400°C and table 6.4 for 500°C. According to
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the analysis, the most sensitive of the three input parameters at either temperature is
clearly the solute-vacancy binding energy. With a significance of 0.22 for Cr and -0.32
for Ni at 400°C and 0.24 and -0.25 for Cr and Ni at 500°C, this value is a factor of 4 to 5
times higher than the other input parameters. From 400°C — 500°C, the change in grain
boundary Cr depletion increases slightly, hence the increase in significance. Meanwhile,
the Ni enrichment decreases slightly from 400 — 500°C, so the Ni significance decreases
slightly as a result.

Significance values for the trapping and recombination radii range from 0.02 to
0.03 at 400°C and 0.03 at 500°C for Cr, and range from -0.04 to -0.03 at 400°C and -0.03
at 500°C for Ni. Changing the reference value for the trapping and recombination radii
would have little impact on the significance values. Since sensitivity is a reflection of the
rate of change (slope) of the concentration, figures 6.7 and 6.8 show that the slope does
not change for the entire range of these values from 0.3 — 1 nm.

The sensitivity analysis reveals that grain boundary segregation is not highly
sensitive to any of the input parameters. Comparing the significance values of tables 6.3
and 6.4 to those calculated for the MIK model by Allen et al. [33], they found that
vacancy migration energies for Cr and Ni had a significance of 57 and -52, respectively,
at 400°C for a Ni-18Cr-9Fe alloy at 0.5 dpa. The vacancy migration energies have
significance values that are two orders of magnitude higher relative to the input
parameters of the MIK-T model.

The reason for the differences in magnitude lies in the importance of the input
parameters to the vacancy migration energy. The MIK model was highly sensitive to
vacancy migration energy [33]. Since the MIK Model has many variables that affect the
composition-dependent vacancy migration energy directly, these input parameters also
had a large significance. On the other hand, input parameters that have no effect on
vacancy migration energy, like dislocation density or interstitial jump frequency, have
very small significance values. Likewise, the inputs to the MIK-T model do not change
the vacancy migration energies, so their significance is low. This simply means that very
small changes to the inputs will have little or no effect on the model. It does not mean,
however, that the trapping process is ineffective at changing grain boundary segregation,

as seen in sections 6.1.6 and 6.1.7.
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The importance of the MIK-T significance values is twofold. First, they have
identified vacancy binding energy as the most important variable in the trapping process.
Accurate values for this input parameter are critical. Second, even with the higher
significance of the binding energy, the sensitivity of the input parameters is low enough

that some uncertainty in the values will have minimal impact upon the RIS results.

6.2 Determination of Binding Energies

As shown in section 6.1.8, the most sensitive variable in the MIK-T model of the
MIK model is the solute-vacancy binding energy. Solute-vacancy binding energies for
Zr and Hf in stainless steel are not available experimentally. Therefore, the quantitative
method of ab initio calculations is used to determine the magnitude of these energies.
This section describes the details of the first-principles method using the Vienna Ab initio
Simulation Package (VASP) and how it is used to calculate the binding energies. The
calculations reveal that Zr has a significantly larger binding energy than Hf, 1.08 eV vs.
0.71 eV, and the reason for the difference will be discussed. Justification for the trapping
and recombination radii is also provided through first principles. Finally, the section
concludes with calculations of lattice parameters for Fe, Hf and Zr to show that Hf and Zr
have similar size factors in a fcc Fe system, despite their difference in binding energy.

6.2.1 Ab initio Method

In order to determine the solute-vacancy binding energies, a first-principles

approach based on Kohn-Sham density functional theory (DFT) [106] is selected for its
ability to describe defect energies [79, 107-109]. Calculations are performed using the
Vienna Ab Initio Simulation Package (VASP) [110-113]. The projector-augmented
plane-wave (PAW) method [114] allows efficient calculations of transition elements like
Fe, Zr and Hf. Calculations use the Perdew and Wang [115] parameterization of the
generalized gradient approximation (GGA). All calculations are performed with an
automatically generated Monkhorst-Pack 4x4x4 k point mesh [116] and energy cutoff of
500 eV. This ensures convergence with respect to energy and k point mesh to within 1

meV/atom. Defects are studied in a 108(-1) atom periodic 3x3x3 supercell of the fcc
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conventional cell, where the cell shape and volume were fixed but ionic relaxations were
allowed. The ternary Fe-Cr-Ni alloy is approximated by pure fcc Fe to avoid the
configuration dependence of the less abundant Cr and Ni elements. For all defect
calculations, the system is constrained to maintain a constant volume but permits
relaxation of ions.

Both spin polarized (magnetic) and non-spin polarized (non-magnetic)
calculations are performed to test the effects of magnetism on the defect properties.
Spin-polarized calculations are initiated with ferromagnetic alignment [109]. Both spin-
polarized and non-spin-polarized calculations use 8 valence electrons for Fe and 4 for Zr
and Hf. A second set of non-spin-polarized calculations uses an extra p-shell of electrons
in the valence band to treat more of the electrons explicitly to test the dependence on

number of valence electrons. In this case, Fe includes 14 electrons, Zr and Hf have 12.

6.2.2 Binding Energy Determination

The solute-vacancy binding energy is calculated using two methods, direct and
indirect [79, 107]. The direct method compares two energies, that of the solute and
vacancy sitting on first nearest-neighbor sites and that of the solute and vacancy as far
apart as possible in the cell considering the periodic boundary conditions. The farthest
separation possible from a vacancy in a cubic 108 atom simulation cell is an 11" nearest-

neighbor (nn), which in the ideal lattice (no relaxation of the fcc positions) gives a

separation of a.f/11/2, where a is the lattice constant. The direct method is an

approximation of the binding energy since even at a separation distance to the 11" nn, the
solute and vacancy may still interact with each other.

The indirect method accounts for possible interactions beyond the 11™ nn by
calculating the binding energy with four different VASP calculations. In this method the
energy of the vacancy and solute atom are subtracted separately from the energy of the
system where they interact as first nearest-neighbors, and the method is described in
detail in Ref. 107. As the number of atoms in the simulation cell increases the binding
energies of these two methods should converge. The binding energy determined for the

direct and indirect methods are given as:

EQet(0S —v) = E(2°®Fe, 0S, v,1% nn) — E(}°®Fe, 0S,v,11"nn) (6.14)
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EYI0S - v) = E(*°%Fe, 05, v1% nn) - E(*"Fe, 05) - E(*""Fe,v) + E(**%Fe) . (6.15)

In these equations, OS represents the oversized solute atoms, Zr or Hf, and v

represents a vacancy. In equation 6.14, Eg"e‘:t(OS —V) is the solute-vacancy binding

energy by the direct method, E(°°Fe, 0S,v,1%nn) is the energy with 106 Fe atoms, 1

oversized solute, and a vacancy as a 1% nn, and E(*°%Fe,0S,v,9"nn) is the energy
with 106 Fe atoms, 1 oversized solute, and a vacancy as a 11" nn. In equation 6.15,

Endirect 0s —v) is the binding energy by the indirect method, E(:°'Fe,0S) is the
energy for 107 Fe atoms and 1 oversized solute, E(*°’Fe,v) is the energy for 107 Fe

atoms and 1 vacancy, and E(*°%e) is the energy for 108 Fe atoms.

The indirect method is generally considered the more accurate method for
calculating solute-vacancy binding energy [107]. Binding energies based on the nn
position are presented in table 6.5. These calculations assume non-spin-polarization.
Table 6.5 includes the distance of the nn position from the origin. For the values shown
in the table, a negative sign denotes repulsion and a negative binding energy for the
solute-vacancy complex. Using the indirect method, binding energies are shown to be
1.08 eV for Zr and 0.71 eV for Hf when the vacancy is a 1% nn to the oversized solute.
Binding energy as a function of nn position is shown in figure 6.20 for the 1% through 6
and at the 11" nn positions of both Hf, in blue, and Zr, in red. Included in figure 6.20
along the top x-axis is the distance, in nm, of each nn position from the origin. By the
11" nn position, the binding energy is close to zero, which represents weak interaction
between the vacancy and the solute.

The direct method can also be used to determine the binding energy and verify the
values calculated by the indirect method. Values for the direct method are also shown in
table 6.5. Using the direct method, the solute-vacancy binding energy is 1.05 eV for Zr
and 0.69 eV for Hf, which is essentially the same as the energies found using the indirect
method. By definition, the 11" nn position has a binding energy of 0.0 eV as it is used
for the reference for the direct method.

Calculations are also performed for Zr and Hf using an additional p-shell of

electrons to test the sensitivity of the binding energy with respect to the number of
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valence electrons. Using the direct method only to calculate binding energy, the values
are shown in table 6.6 for just the 1%, 4" and 11™ nn positions. These solute-vacancy
binding energies are in good agreement with the calculations that neglected the extra p-
shell electrons.

Finally, using the direct method, table 6.6 also shows binding energies for Zr in a
spin-polarized Fe system. Calculations are repeated for spin-polarized Fe using the
lattice parameter of 0.3638 nm. Values for just the 1% and 11™ nn positions are shown.
Again, the solute-vacancy binding energy of 1.12 eV for Zr is in good agreement with the
binding energy of 1.05 eV without spin-polarization using the direct method and 1.08 eV
calculated by the indirect method.

6.2.3 Differences between Zr and Hf

The reason for the difference in binding energy between Zr and Hf is due to the
differences in the electronic effects with the surrounding Fe atoms. System relaxation
permits the ions to find the most energetically stable configuration. When placed next to
a vacancy defect, the relaxation of Zr toward the vacancy is substantial, as Zr finally rests
close to midway between its lattice site and the vacant lattice site. The result is a
substantial reduction in energy. The same relaxation occurs for Hf, but it is less
substantial. The Hf ion still rests much closer to its original location on the fcc Fe lattice.
The differences between these ions and their proximity to the vacant lattice site can be
seen in figure 6.21. The Fe atoms are shown in green while the Hf and Zr atoms are
shown in light blue and purple, respectively, with Hf on the left and Zr on the right.
Notice that Zr is much closer to the vacant lattice site position than Hf. The center of the
vacant lattice site is aligned with the tips of the arrows denoting the vacant lattice site
position. The solutions for both sets of calculations converged to the same convergence

criteria of 1 meV/atom, so the differences in relaxation are not a result of convergence.

6.2.4 Trapping and Recombination Radii

In section 6.1.8, for the sensitivity analysis used a value of 0.5 nm for the trapping
and recombination radii. No experimental data exists that could be used to determine the

true radius of trapping or recombination for Zr or Hf solute atoms in a Fe-Cr-Ni alloy.
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However, the binding energy calculations discussed in section 6.2.2 offer some evidence
for a reasonable value. As shown in figure 6.20, the solute-vacancy binding energy
decreases dramatically when a vacancy moves from a 1% nn position to a position farther
from the oversized solute atom. A vacancy in the 2™ nn position has a negative binding
energy, indicating repulsion. A vacancy in the 4™ nn position is more stable relative to
the 2" or 3" nn positions, hence the higher binding energy.

A drawing of the nn positions relative to the oversized solute at the origin is
shown in figure 6.22. The figure shows just the first (unit) cell of 27 cells that comprise
the supercell for 108 lattice positions. Included in the figure are 1%, 2", 3, 4" and 6" nn
positions; the 5™ nn position is in the face of the neighboring cell, one lattice parameter
distance (away from the origin) from the 1% nn position.

Notice in figure 6.22 that the 2", 3", and 4" nn positions are all nearest-neighbors
to the 1% nn position. This means any one of them is a possible diffusion path to the 1%
nn position. Since it is more favorable for a vacancy to diffuse directly from the 4™ to the
1% nn position, the distance separating the origin and the 4™ nn position, ~ 0.5 nm, makes
a logical choice for the radius for trapping vacancies.

Interstitial configurations with a solute-vacancy complex are not examined to
determine the recombination radius. However, using the same analysis as the preceding
paragraph, it may be reasonable to assume that the recombination radius has a value

similar to the radius for trapping.

6.2.5 Lattice Parameters

Calculations of the lattice parameters for Fe, Zr and Hf are performed in order to
determine the atomic volumes of these elements in a fcc system. These atomic volumes
could then be used to determine the size factors. An equation for calculating the linear
size factor was given previously in equation 2.34, but the calculations have always used
the atomic volumes based on body-centered cubic (bcc) Fe and hexagonal close-packed
(HCP) Zr or HCP Hf. Yet, austenitic stainless steel is in the fcc structure with the
oversized solute atoms on substitutional sites, so atomic volumes and hence a linear size

factor would be more relevant for a fcc system. These can be determined using ab initio.
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A primitive fcc unit cell with a single atom enables lattice parameter calculations,
assuming full relaxation without a constrained volume. This is done for both spin-
polarized (magnetic) and non-spin-polarized (non-magnetic) fcc Fe and the results for
lattice parameters of Fe, Zr and Hf along with the size factors for Zr and Hf are shown in
table 6.7. In either case the size factors for Hf and Zr are similar, and they are both close
to those calculated based on experimental atomic volumes for bcc Fe and HCP Hf and Zr,
also shown in table 6.8.

The similarity in size factors between Zr and Hf reveal that the solute-vacancy
binding energy is not simply a function of the elastic strain around the solute atom, as has
been proposed in the literature [13, 14, 21, 23, 25]. Calculations with ab initio show that
electronic interactions play a large part in determining the binding energies for oversized
solute atoms, shown by the large difference in binding energy between Zr and Hf of 1.08

eV vs. 0.71, respectively.
6.3 Model Results for the Alloys
The final section concludes with segregation results for the MIK-T model for the
oversized solute alloys. The model uses the binding energy values for Zr and Hf

calculated through ab initio.

6.3.1 MIK-T Model Results

Using the first-principles approach to binding energy not only provides a
quantitative value on which to base the trapping mechanism, it also gives understanding
of how RIS results between Zr and Hf solute additions should differ. The different
binding energies reflect a very large difference in how effectively Zr or Hf may trap and
bind vacancy defects. Figure 6.23 is similar to figure 6.11 and shows the value of the
exponential in the solute-vacancy dissociation rate, now based on the binding energies for
Zr and Hf of 1.08 and 0.71 eV, respectively. The exponential is temperature-dependent,
and at 400°C, the difference in binding energy between Hf and Zr means a difference in

the solute-vacancy dissociation rate of nearly three orders of magnitude.
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6.3.2 Alloy Results
Starting with the +Zr alloys at 400°C, figure 6.24 shows the change in grain

boundary Cr and Ni concentrations, respectively, at 3, 7 and 10 dpa. These doses are
shown because they are the doses at which RIS measurements are made at 400°C for +Zr
and +HTf alloys, as presented in chapter 5. In the figure the grey bars are for Ref-Zr while
LoZr and HiZr are in shades of red. All model calculations are represented by cross-
hatch bars in chapters 6 and 7. Both figures show that Cr depletion and Ni enrichment is
kept to less than 2 at% at 3, 7 and 10 dpa for both LoZr and HiZr. Segregation values for
Ref-Zr, on the other hand, are near 6 at% for Cr depletion and around 10 at% for Ni
enrichment. Ni enrichment is more than Cr depletion for Ref-Zr because of the amount
of Fe depletion. For LoZr and HiZr, Ni enrichment is only slightly greater because the
MIK-T model reduces Fe depletion to a small value.

The magnitude of reduction in segregation is not the same for the +Hf alloys,
where binding energy is only 0.69 eV. The segregation results are shown in figure 6.25
for changes in grain boundary Cr and Ni concentrations, with Ref-Hf in dark grey and
LoHf and HiHf in shades of blue. Cr depletion at 3 dpa is 5 at% and 4 at% for LoHf and
HiHf, respectively, compared to close to 8 at% for Ref-Hf. Similarly Ni enrichment
exceeds 5 at% for LoHf and 4 at% for HiHf. There is still a large difference from Ref-
Hf, however, which has 11 at% Ni enrichment. Meanwhile, segregation changes very
little from 3 dpa to 7 and 10 dpa.

Figures 6.26 shows the amounts of Cr depletion and Ni enrichment for the +Zr
alloys at 500°C using a binding energy of 1.08 eV. Based on the model results shown in
figure 6.9 using a 1 eV binding energy, it is not surprising that with a binding energy of
1.08 eV, LoZr and HiZr show virtually no Cr depletion or Ni enrichment, less than 0.1
at% at 1 and 3 dpa. Ref-Zr shows more than 7 at% Cr depletion and almost 12 at% Ni
enrichment at 1 dpa. At 3 dpa, Ref-Zr has more than 7.5 at% Cr depletion and more than
13.5 at% Ni enrichment. The doses of 1 and 3 dpa are shown because they are the doses
at which RIS measurements were made at 500°C for +Zr and +Hf alloys.

Given the lower binding energy for Hf, figure 6.27 shows higher amounts of Cr
depletion and Ni enrichment for the +Hf alloys as compared to the +Zr alloys. At 1 dpa,

Ref-Hf has close to 9 at% Cr depletion and 13 at% Ni enrichment. By 3 dpa, these values
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have increased slightly to 9.5 at% Cr depletion and about 15 at% Ni enrichment. For
LoHf Cr depletion and Ni enrichment are around 3.5 at% at 1 and 3 dpa, while HiHf has
less than 2 at% Cr depletion and Ni enrichment.

MIK-T model results predict a large reduction in RIS for the oversized solute
alloys relative to the reference alloys. Zr is shown to be more effective at reducing RIS
than Hf because of the large difference in solute-vacancy binding energy calculated by
first-principles methods between Zr at 1.08 eV vs. Hf at 0.71 eV.
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Table 6.1 MIK model input values. Adapted from [33].

Input Parameter Value Reference
Vacancy jump frequency for Fe 2.8x 107 s [63]
Vacancy jump frequency for Cr 5.0x 102 s [63]
Vacancy jump frequency for Ni 1.5x 10%s [63]
Interstitial jump frequency 1.5x10%s  [117]
Atom-interstitial correlation factor 0.44 [118]
Cohesive energy for pure Fe -4.28 eV [72]
Cohesive energy for pure Cr -4.10 eV [72]
Cohesive energy for pure Ni -4.44 eV [72]
Vacancy migration energy for pure Fe 1.28 eV [119]
Vacancy migration energy for pure Cr 0.97 eV [119]
Vacancy migration energy for pure Ni 1.04 eV [119]
Vacancy formation energy for pure Fe 1.40 eV [119]
Vacancy formation energy for pure Cr 1.60 eV [119]
Vacancy formation energy for pure Ni 1.79 eV [119]
Vacancy formation on grain boundary 1.4eV [120]
Ordering energy for NiCr pairs 0.005 eV best fit
Ordering energy for NiFe pairs -0.001 eV best fit
Ordering energy for FeCr pairs 0.003 eV best fit
Fe Free energy difference 0.01eV [72]
Cr free energy difference -0.10 eV [72]
Interstitial migration energy 0.9eV [121]
Dislocation density 1x10%m?  [122]
Coordination number 12 -
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Table 6.2 Standard values of the MIK-T model input parameters used for the sensitivity
study

Input Parameter Symbol Input Value
Trapping Radius Iy 5.0x10%m
Recombination Radius i 5.0x10%m
Binding Energy Ey 0.5eV
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Table 6.3 Changes in grain boundary concentration and the significance of MIK-T model
input parameters at 400°C and 1 dpa after changing the input values by a factor of 10

Input Reference Changein Dose  Aconc. at GB (at%) Significanc_e
Value Value (dpa) Cr Ni Cr Ni

ED 05eV  5x10°ev 1  25x10° -6.1x10* 022 -0.32

b, 5x10°m  5x10%m 1 3.0x10° -7.4x10° 0.03 -0.04

o 5x10%m  5x10%m 1 3.1x10° -7.6x10° 0.03 -0.04
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Table 6.4 Changes in grain boundary concentration and the significance of MIK-T model
input parameters at 500°C and 1 dpa after changing the input values by a factor of 10

Input Reference Changein Dose  Aconc. at GB (at%) Significanc_e
Value Value (dpa) Cr Ni Cr Ni

ED 05ev  5x107ev 1 2.8x10" -46x10* 024 -0.25

b, 5x10°m  5x10%m 1 3.7x10° -6.1x10° 0.03 -0.03

o 5x10%m  5x10%m 1 3.7x10° -6.0x10° 0.03 -0.03
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Table 6.5 Binding energy as a function of nearest neighbor distance for Zr or Hf in non-
spin-polarized Fe using the indirect method

. Indirect Method Direct Method
Vacancy Distance from —
Position Solute (nm) Binding Energy (eV)
Zr Hf Zr Hf |
1% nn 0.244 1.08 0.71 1.05 0.69
2" nn 0.345 -0.10 -0.06 -0.13 -0.07
3 nn 0.422 0.09 0.11 0.07 0.09
4" nn 0.488 0.14 0.11 0.12 0.09
5" nn 0.545 0.04 0.08 0.02 0.07
6" nn 0.597 0.04 0.08 0.02 0.06
11" nn 0.809 0.02 0.02 0.00 0.00
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Table 6.6 Binding energy as a function of nearest neighbor distance using the direct
method, first for Zr or Hf in non-polarized Fe with an additional p-shell of electrons, and
also Zr in spin-polarized Fe

Non-Spin-Polarized, Spin-Polarized

Vacancy f Distance extra p-shell Distance Binding
Position rom Solute o from Solute Energy (eV)
(nm) Binding Energy (eV) (nm)
Zr Hf Zr
1° nn 0.2438 0.98 0.70 0.257 1.12
4" nn 0.4876 0.12 0.09 0.515 -
11" nn 0.8085 0.00 0.00 0.853 0.00
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Table 6.7 Calculated lattice parameters and linear size factors for Zr and Hf in fcc Fe plus

experimental size factors [25]

L attice Size Calculated Experimental
Atom Species Parameter (nm) Factor Fe —non- Fe —spin-  from hcp Zr
(%) spin-polarized polarized  and hcp Hf
Fe — non-spin- 0.3447 zr 31.42 24,53 26.87
polarized
Fe — spin- 0.3638 HE 29.58 22.79 25.04
polarized
Zr (fcc) 0.4531
Hf (fcc) 0.4467
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Figure 6.1 Benchmarking of the MIK model, showing grain boundary Cr concentration as
a function of temperature for Fe-20Cr-24Ni alloy with a dose rate of 7x10°® dpa/s at 0.5
dpa with MIK in black and MIK-T in green [33].
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Figure 6.2 Benchmarking of the MIK model, showing grain boundary Ni concentration as
a function of temperature for Fe-20Cr-24Ni alloy with a dose rate of 7x10°® dpa/s at 0.5
dpa with MIK in black and MIK-T in orange [33].
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Figure 6.3 Variation of grain boundary Ni and Cr concentration as a function of
temperature from 200 — 600°C for the MIK model at 1 dpa
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Figure 6.6 Grain boundary concentrations for Cr and Ni as a function of the binding
energy from 0 to 1.0 eV at 400°C, 1 dpa, with a dose rate of 10 dpa/s and a solute
concentration of 0.5 at%. The reference value for studying the variation of other MIK-T
model input parameters is shown in the figure by a vertical line at 0.5 eV.

272



)
N

i Reference value
22 ‘\1 dpa for trapping
20 R Ni radius = 0.5 nm

[E—
Co

—
N

Cr

\s

[a—
O

0 02 04 06 08 1
Trapping Radius (nm)

Grain Boundary Concentration (at%)
>

Figure 6.7 Grain boundary concentrations for Cr and Ni as a function of the oversized
solute trapping radius from 0 — 1 nm at 400°C, 1 dpa, with a dose rate of 10° dpa/s, a
binding energy of 0.5 eV, recombination radius of 0.5 nm, and solute concentration of 0.5
at%. The reference value for studying the variation of other MIK-T model input
parameters is shown in the figure by a vertical line at 0.5 nm. The shaded region
represents a radius less than the 1% nearest neighbor distance of 0.3 nm.
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Figure 6.8 Grain boundary concentrations for Cr and Ni as a function of the solute-
vacancy recombination radius from 0 — 1 nm at 400°C, 1 dpa, with a dose rate of 10
dpa/s, a binding energy of 0.5 eV, trapping radius of 0.5 nm, and solute concentration of
0.5 at%. The reference value for studying the variation of other MIK-T model input
parameters is shown in the figure by a vertical line at 0.5 nm. The shaded region
represents a radius less than the 1% nearest neighbor distance of 0.3 nm.
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Figure 6.9 Grain boundary Cr concentrations as a function of temperature at 10°° dpa/s
and 1 dpa for the MIK and MIK-T models, with a binding energy of 1.0 eV and solute
concentration of 0.5 at% for the MIK-T model.
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Figure 6.10 Percent difference in the grain boundary Cr concentration between the MIK
and MIK-T models as a function of temperature at 10° dpa/s and 1 dpa.
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Figure 6.12 The release and recombination rates divided by the trapping rate as a function
of temperature, at 10°® dpa/s, 1 dpa.
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Figure 6.15 Percent difference in the grain boundary Cr concentration between the MIK
and MIK-T models as a function of dose at 10 dpa/s and 400°C.
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as a function of dose on the right y-axis in red, at 400°C and 1 dpa.
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variation of other MIK-T model input parameters is shown in the figure by a vertical line
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Figure 6.21 Relaxation of Hf and Zr ions with 1% nn vacancies. The vacancy lattice
position is by the tip of the horizontal arrows. Relaxation of Zr ion toward the vacancy
position is much greater than the relaxation of Hf, accounting for the larger binding
energy for Zr compared to Hf.

287



. 2 np

0S

Figure 6.22 The nn Joositions relative to the oversized solute (OS) atom at the origin for a
fcc cell. The 1%, 2™, 3 4™ and 6™ nn positions are shown. The 5 nn position rests in

the face of the adjacent cell away from the oversized solute, one lattice parameter
distance from the 1* nn position.
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Figure 6.23 Effect of binding energy on the value of the exponential in the solute-
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Figure 6.25 Calculate change in grain boundary concentrations for the +Hf alloys at doses
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Figure 6.26 Calculated change in grain boundary concentrations for the +Zr alloys at
doses of 1 and 3 dpa at 500°C with a solute-vacancy binding energy of 1.08 eV

292



33

LT 500°C ]
£ 10f -
g ]
= [
o i
.
= i
8 [
q ¢ : E
R= [ :
[an] L
5 :
g 5 ] ;
&n il
g
RS
o i
-10F 1dpa 3 dpa ]
3 @ Ref-Hf]
: B LoHf |
Ui Cr HiHf
l 1 3
Dose (dpa)

Figure 6.27 Calculated change in grain boundary concentrations for the +Hf alloys at
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CHAPTER 7

DISCUSSION

This chapter discusses the results of RIS and dislocation loop measurements and
compares the trapping model results of RIS with experimental measurements in order to
assess the validity of the vacancy trapping mechanism of oversized solute additions on
RIS. The discussion consists of three parts: 1) validation of the RIS measurements, 2)
assessment of the comparison between the MIK-T model calculations with RIS
measurements that reveal a loss of solute effectiveness in reducing RIS, and 3) a
discussion of possible reasons for the loss of solute effectiveness on RIS as a function of

radiation dose.

7.1 Validity of RIS Results

This section validates reference alloy RIS measurements against literature data of
similar alloys under similar irradiation conditions. Since the objective of this thesis is to
understand the effect of oversized solutes on RIS behavior, the validity of the RIS data
will be established by the following: 1) comparison of the reference alloy data with
literature data, 2) comparison of the reference alloy data with model predictions, 3)
validation of the loop microstructure data, and 4) validation of RIS behavior of the
oversized solute alloys through the behavior of the irradiated microstructure. This
section concludes with a comparison of RIS results following proton irradiations with 2
MeV and 3.2 MeV to show that protons in this energy range give the same grain
boundary segregation results.
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7.1.1 Comparison of Reference Alloy RIS to Literature Values

A comparison of the reference alloy RIS measurements to literature values is first
made against other proton irradiation data for similar alloys under similar irradiation
conditions. The objective is to first validate the measurements against other literature
data for the same irradiation particle type before the comparison is extended to neutron
data [17, 25, 26, 28, 33].

Comparison of Cr depletion resulting from proton irradiation in the range of 360 —
500°C is shown in figure 7.1. Cr depletion is plotted as the change from the bulk
composition. The literature data is shown with grey symbols at 360°C, black symbols at
400°C, and green symbols at 500°C, while the data from this study is shown in shades of
red for Ref-Zr and shades of blue for Ref-Hf at both 400°C and 500°C. At 400°C, the
literature data shows that the amount of Cr depletion increases quickly at low dose,
followed by a gradual increase and saturation after 3 dpa to around 6 — 8 at%. Cr
depletion in this study at 400°C also falls in the range of 6 — 8 at% and follows the same
trend with dose.

Much of the literature data at 400°C is for alloys with higher Ni content than the
reference alloys in this study. Increasing the bulk Ni content increases the vacancy
diffusivity in an alloy, with the result that segregation also increases [30]. Rothman et al.
[63] performed tracer diffusion experiments in a series of austenitic alloys with
increasing Ni content. Their measurements indicated that D¢, > Dge > Dyi. Since RIS is
due to differences in the vacancy diffusivity ratios, then increasing Ni content increases
the diffusivity ratios for Cr and Fe relative to Ni. As the vacancy diffusivity ratios
increase, the concentration gradients at the grain boundary also increase, causing more
RIS.

Damocott et al. [30] confirmed the effects of Ni on RIS using a series of alloys
with a range of Ni contents irradiated with protons at 400°C and found that increasing
bulk Ni increased the grain boundary Cr depletion. Bushy et al. [18] showed similar
behavior by comparing a Fe-18Cr-9Ni alloy with Fe-18Cr-24Ni after proton irradiation at
360°C to 5.5 dpa. The alloy with increased bulk Ni content caused an increase in grain
boundary Cr depletion of 2.0 at% relative to the reference alloy. With the same

irradiation conditions, Was et al. [92] used the MIK model to calculate 2 at% more Cr
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depletion for Fe-18Cr-24Ni relative to Fe-18Cr-9Ni, which matched the measured
increase in Cr depletion. Consequently, the literature data with higher Ni content than
Ref-Zr and Ref-Hf may be expected to have more Cr depletion, and the alloys Fe-20Cr-
24N, Fe-24Cr-24Ni, and Fe-24Cr-19Ni do measure more Cr depletion at 1 dpa than that
in Ref-Zr or Ref-Hf at any dose at 400°C [26]. For a Fe-16Cr-13Ni alloy, where the
alloy composition is similar to Ref-Zr and Ref-Hf, Allen et al. [28] measured 8.3 at% Cr
depletion at 400°C, 1 dpa, which is similar to the amount of Cr depletion for Ref-Zr and
Ref-Hf from 3 — 10 dpa at 400°C. Finally, for the same alloy heat as Ref-Hf in this
study, Founier et al. [25] also measured similar levels of Cr depletion at 5 dpa, 400°C as
Ref-Hf at 3 and 7 dpa, 400°C.

The 500°C data from this study has more Cr depletion than at 400°C by about 1.5
at% for Ref-Zr and 3.5 at% for Ref-Hf. The MIK model calculates peak segregation to
occur between 400 — 500°C [33], while Damcott et al. [30] also measured slightly more
Cr depletion at 500°C, shown in green, than at 400°C for Fe-20Cr-24Ni irradiated at 1
dpa. Results from this study are similar to data from Damcott et al. [30] by showing
more segregation at 500°C than at 400°C.

Finally, RIS at 360°C is expected to be less than RIS at 400°C [29]. After 3 dpa,
the 360°C literature data show Cr depletion ranging from 3 — 7 at%. The literature data at
360°C is consistent with the expected behavior by generally showing less Cr depletion
than Ref-Zr and Ref-Hf at 400°C.

The results for Cr depletion are also compared against neutron irradiation data in
figure 7.2 [45, 84, 123]. The figure contains the original proton irradiation data at 400°C
and 500°C in grey, with neutron data from 275 — 288°C in black. Given the change in
dose rate from protons to neutrons, the shift in temperature required to keep the number

of defects lost to sinks invariant can be calculated by:
T
0

where Ng; is the number of defects lost to sinks per unit volume for a given time, 7, K;
is the sink strength for absorption of defects, C; is the defect concentration, and j is the

defect type [124]. At steady state, defect concentrations are given by:
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where K, is the defect production rate, K;, is the recombination rate, D, and D; are the
diffusion coefficients for vacancies and interstitials, respectively, and the ratio of z, and
z; describes the sink bias for defects. Plugging Eq. 7.2 into Eq. 7.1 for vacancies gives:

1/2
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where @ is the dose. Using different dose rates to determine the shift in temperature

assuming constant dose, then NS\,1 = NS\,2 , and canceling terms, gives the equality:
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Since D, =Dy exp(— En /kT), Eq. 7.4 can be solved in terms of temperature, given by:
kT12 In &
E, (K,

L
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Assuming a dose rate of 7 x 10°® for protons and 5 x 10°® for neutrons, and

T,-T, = (7.5)

vacancy migration energy of ~ 1.20 eV as calculated by the MIK model for a Fe-20Cr-
24Ni alloy [33], RIS for 275°C neutron irradiations should be similar to proton
irradiations at ~ 400°C. From figure 7.2, at doses of less than 3 dpa, the neutron
irradiation data shows 2 — 6.5 at% Cr depletion. At doses of 3 dpa or above, the amount
of Cr depletion for the commercial purity alloys from Was et al. [91] and Asano et al.
[84] is 5 — 9 at%, which bounds the amount of Cr depletion measured for Ref-Zr and Ref-
Hf at 400°C from 3 — 10 dpa. The comparison shows similar results between proton
irradiations at 400°C and neutron irradiations at 275 - 288°C, which is consistent with the
expected effects of proton and neutron irradiations at these temperatures.

A comparison is now made for the Ni enrichment data, where figure 7.3 compares
Ref-Zr and Ref-Hf with proton-irradiated alloys over the temperature range of 360 —

500°C. Again, literature data is shown in grey for 360°C, black for 400°C, green for
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500°C, and Ref-Zr and Ref-Hf are shown with shades of red and blue, respectively. Ni
enrichment for the reference alloys exceeds 11 at% for all temperatures and doses. Ref-
Zr also shows more Ni enrichment than Ref-Hf for all cases.

As mentioned, much of the 400°C literature data is for higher-Ni alloys, and
increases in bulk Ni increase the vacancy diffusivity to cause more RIS. Damcott et al.
[26, 30] found that a Fe-24Cr-24Ni alloy measured 9.5 at% more Ni enrichment than a
Fe-24Cr-19Ni alloy. Busby et al. [18] observed a similar effect at 360°C, 5.5 dpa, where
a Fe-18Cr-24Ni alloy measured 4.0 at% more Ni enrichment than a Fe-18Cr-9Ni alloy
with the same irradiation conditions. As a result, the high-Ni alloys should have more Ni
enrichment, which is true relative Ref-Hf Ni enrichment. At the same time, Allen et al.
[28] observed similar amounts of Ni enrichment for Fe-16Cr-13Ni at 400°C, 1 dpa as
Ref-Hf at 400°C. In addition, Fournier et al. [25] measured the same amount of Ni
enrichment for 316L at 5 dpa, 400°C as Ref-Hf at 7 dpa, 400°C, and both of these alloys
are from the same heat of material.

The Ni enrichment data for Ref-Zr at 400°C and 500°C generally shows higher
levels of Ni enrichment than those observed in the literature. However, much of the
literature data is for alloys with comparatively lower Si content. Both Kenik [125] and
Busby et al. [18] have shown that increased bulk Si can increase the grain boundary RIS,
as presented in section 2.1.3. Kenik [125] measured about 3 at% more Ni enrichment for
an alloy with 1.1 at% bulk Si compared to his high purity reference alloy. Busby et al.
[18] measured a 4 at% increase in Ni enrichment in an alloy with 1.05 wt% bulk Si
relative to their high purity reference alloy.

Ref-Zr exhibits more Ni enrichment than Ref-Hf at both temperatures for all
doses. Ref-Zr also contains more Si than Ref-Hf, with 0.75 at% Si compared to 0.24 at%
Si in Ref-Hf. The higher amount of Ni enrichment for Ref-Zr is consistent with the trend
of increased segregation from higher levels of Si. Also, the reference alloys consistently
show similar amounts of Ni enrichment as a function of dose at both 400°C and 500°C.
Finally, the higher levels of Si in the reference alloys compared to the high purity alloys
in the literature may explain why Ni enrichment for the reference alloys in this study is

higher than much of the literature data.
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The amount of RIS for Ref-Zr and Ref-Hf matches the expected trend as a
function of dose at both 400°C and 500°C. Cr depletion for the reference alloys is in
good agreement with literature data, while Ni enrichment is generally higher than the
literature data, which may be due to the higher Si concentrations in Ref-Zr and Ref-Hf
compared to the high purity alloys in the literature. Finally, the amount of RIS for the
reference alloys has been shown to be consistent with past literature results of similar
alloys under similar irradiation conditions and provides a solid basis for comparison with

the oversized solute alloys.

7.1.2 MIK Model Compared to Reference Alloy RIS

The reference alloy RIS measurements are compared to values calculated by the

MIK model which has been shown to predict RIS in austenitic alloys rather well [29, 32,
33]. The purpose of this analysis is to provide further support for the validity of RIS
measurements by comparing each measurement to its expected value for that particular
temperature and dose.

Figure 7.4 shows the change in grain boundary concentrations for Cr and Ni for
the Ref-Zr and Ref-Hf alloys at 400°C. Model calculations are shown with cross-hatch
bars, and measurements are solid bars. These patterns for model and experiment will be
used throughout this chapter. Ref-Zr is shown in light grey and Ref-Hf in dark grey, with
the error bars representing one standard deviation of the measurement. Model values for
Ref-Zr and Ref-Hf differ slightly because of their differences in composition. Note that
Ref-Zr is not measured at 10 dpa.

In all cases but one, Cr depletion measurements match the MIK model
calculations within the error of the measurements. The only exception is Ref-Zr at 3 dpa,
where the measured Cr depletion is 1 at% greater than the calculated value. Generally,
these results show good agreement between model and measurement for Cr depletion.
Also, the measured results are relatively constant as a function of dose, which fits the
expected trend for the model between 3 — 10 dpa.

For the change in Ni concentration, the MIK model under-predicts the amount of
Ni enrichment for Ref-Zr. At 3 dpa, the measured Ni enrichment is twice the amount of

the calculated value. For Ref-Hf, the calculated values and experimental measurements
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compare well at all three doses of 3, 7 and 10 dpa, where calculated Ni enrichment is
consistently within the error of the measured value. Ref-Zr has a higher content of Si
than Ref-Hf, at 0.75 at% compared to 0.24 at%, respectively. Therefore, Ref-Zr may be
expected to have more Ni enrichment than Ref-Hf. The higher Si content in Ref-Zr may
also explain why the measured value for Ref-Zr is higher than the model prediction.

Figure 7.5 compares the change in grain boundary concentrations for Cr and Ni
between the MIK model and measured values for the reference alloys at 500°C. Note
that Ref-Hf is not measured at 1 dpa. Cr depletion for Ref-Zr shows that the measured
segregation is about 2 at% greater than calculated by the model at 1 dpa. However, by 3
dpa, the model value is within the error of the measurement. Ref-Hf at 3 dpa also shows
good agreement between model and experiment, where the model calculates Cr depletion
within the error of the measurement.

Comparisons between model and experiment for Ni enrichment again show that
the model consistently under-predicts the measured Ni enrichment, this time for Ref-Zr
and Ref-Hf. Ni enrichment for Ref-Zr differs from the model by 5 at% at 1 dpa and by
7.5 at% at 3dpa. Ref-Hf has less of a difference from the model than Ref-Zr, but still
amounts to about 4.5 at% more Ni enrichment than the model at 3 dpa. Similar to the
400°C comparison, Ref-Zr has more Ni enrichment than model calculation at all doses,
but the trend is consistent as a function of dose at 500°C. And although Ref-Hf exhibits
more Ni enrichment than the model, it is less of a difference than for Ref-Zr due to the
lower Si concentration in Ref-Hf.

Overall, the MIK model is consistent with the reference alloy RIS measurements
by showing good agreement between model results and experimental measurements for
Ref-Zr and Ref-Hf as a function of dose at temperatures of 400°C and 500°C. The model
under-predicts measured Ni enrichment consistently for Ref-Zr at both temperatures and
also for Ref-Hf at 500°C, but the differences may be attributed to the higher Si
concentrations in the reference alloys. Moreover, the amounts of Cr depletion and Ni
enrichment in Ref-Zr and Ref-Hf are similar between the alloys and with temperature and
dose. Agreement of RIS in the reference alloys with both literature data of similar alloys

irradiated under similar conditions and with MIK model predictions establishes the
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reasonableness of the data measurements as a foundation for assessing the role of
oversized solutes on RIS.

7.1.3 Comparison of Reference Alloy Loop Microstructure with Literature VValues

The measured loop microstructure of the reference alloys is compared to literature
data to assess the validity of the measurements in this study. Comparison to literature
data is important because both the loop microstructure and grain boundary segregation
result from the creation of point defects during irradiation, so the effect of oversized
solutes on loop microstructure should be consistent with that on RIS.

A comparison of average dislocation loop diameter as a function of dose is first
made with literature data for proton irradiations at 360°C and 400°C before extending the
comparison to neutron irradiation data [43-45, 91, 126, 127]. Figure 7.6 shows the
comparison between literature data and the reference alloys in this study at 400°C, with
Ref-Zr shown in red and Ref-Hf shown in blue. All 400°C data is shown with closed
symbols while 360°C data is shown with open symbols. Of the commercial purity alloys,
Teysseyre et al. [126] measured a loop diameter of 6.9 nm for a commercial purity 316L
irradiated with protons at 400°C to 7 dpa, which is close to the loop diameters for the
reference alloys in this study measuring between 8.7 — 10.0 nm. The other 400°C data in
the literature have larger loop diameters than Ref-Zr and Ref-Hf, but the literature data is
for high purity alloys. Higher Si concentrations may be a factor in causing a decrease in
loop diameter, and Si concentrations vary from 0.12 wt% for Ref-Hf to 0.38 wt% for Ref-
Zr. Cookson et al. [128] reported a decrease in loop diameter for a Fe-20Cr-9Ni high
purity alloy and the same heat with 0.46 wt% Si addition from 16 nm to 10 nm,
respectively, after proton irradiation at 400°C to 1 dpa. However, Was et al. [92] did not
measure a change in loop diameter between a high purity 304SS and 304SS with 1.05
wit% Si after proton irradiation at 360°C to 5.5 dpa. As a result, the role of Si on loop
diameter is unclear. Nevertheless, the reference alloys have similar loop diameters as
literature data for a commercial purity 316L irradiated at the same temperature.

Decreasing irradiation temperature to 360°C should decrease the average loop
diameter relative to 400°C by less than a factor of two according to comparisons made by
Gan et al. [43] for a high purity 304SS irradiated to the same dose at both temperatures.
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For the commercial purity and high purity alloys irradiated at 360°C, loop diameters
range from 4 — 10 nm and are generally smaller than the reference alloys in this study,
with many of the loops at about half the diameter of the reference alloys at 400°C. The
results are consistent with the effect of a lower temperature in decreasing the average
loop size.

Figure 7.7 makes the comparison of average loop diameters for the reference
alloys with neutron irradiation data in the temperature range of 275 — 400°C, where
proton irradiation data is shown now in grey and neutron irradiation data in black [36,
129-131]. The relationship between dose rate and temperature for the microstructure can
be derived in a similar fashion to Eq. 7.5 except that it does not require Ns to be invariant.
Instead, the net flux of defects to a particular type of sink must remain invariant. In this
case, the net flux of interstitials to interstitial-type dislocation loops must remain
invariant, and the net flux of interstitials will be similar to the net flux of vacancies to

vacancy-type sinks. From Ref. 124, the temperature shift is defined by:
kT, In Ko,
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where EY is the interstitial formation energy. Assuming dose rates of 5 x 10 dpa/s for

T,-T, =

(7.6)

neutrons, 7 x 10°® dpa/s for protons, and a vacancy migration energy of 1.2 eV and
formation energy of 1.6 eV [33], then the effect of neutron irradiations at 340°C is similar
to the effect of proton irradiation at ~ 380°C, and the reference alloy loop diameters
compare well with neutron irradiation data from 320 - 340°C. However, the reference
alloy data also compares well with neutron data at 275°C, where loop diameters range
from 7 — 12 nm above 3 dpa, and assuming invariance, neutron irradiation at 275°C
compares to proton irradiation at 300°C. Finally, loop diameters from Maziasz et al.
[130] for 400°C neutron irradiation, which is comparable to 450°C proton irradiation, are
much larger than the reference alloys, and the larger loop diameters are consistent with
the effects of a higher temperature [130].

Average loop densities for Ref-Zr and Ref-Hf are compared against literature
data, starting with proton irradiation data at 360°C and 400°C [43-45, 91, 126, 127].
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Figure 7.8 shows the average loop densities as a function of dose, with 400°C proton
irradiation data shown with closed symbols and 360°C data shown with open symbols.
Ref-Zr has loop densities from 5.06 — 5.48 x 10> m™ for 3 — 7 dpa, and loop densities for
Ref-Hf range from 2.29 — 2.32 x 10%* m™ for 3 — 7 dpa.

The loop density for the commercial purity 316L irradiated with protons at 400°C
by Teysseyre et al. [126] is similar to the value for Ref-Zr at 7 dpa, where both alloys
have similar compositions. Loop densities for the reference alloys are also similar to the
values reported by Gan et al. [43] for Fe-20Cr-24Ni irradiated with protons at 400°C.
Otherwise, Ref-Zr and Ref-Hf generally have higher loop densities than the high purity
alloy data at 400°C, but this is likely due to their relatively higher Si concentrations. Was
et al. [92] reported a doubling of the loop density for 304SS with 1.05 wt% Si compared
to the high purity reference alloy after 360°C proton irradiation to 5.5 dpa. Cookson et
al. [128] measured nearly twice the loop density for a Fe-20Cr-9Ni alloy with 0.46 wt%
Si addition compared to the reference alloy after 400°C proton irradiation to 1 dpa.
Shigenaka et al. [132] measured more than twice the loop density for 316SS with 0.3
wt% Si compared to the reference alloy without Si after He™-ion irradiation at 400°C to
0.1 dpa. These results indicate an increase in loop density with higher bulk Si
concentration, which may explain the higher loop densities for the reference alloys
relative to the high purity alloys in the literature. In addition, Ref-Zr has a loop density
that is approximately twice the loop density of Ref-Hf, which is also consistent with the
higher Si concentration for Ref-Zr at 0.38 wt% compared to 0.12 wt% for Ref-Hf.

Based on a relationship developed by Gan et al. [43] for loop density as a function
of temperature, the effect of irradiation at 360°C relative to 400°C is to increase the loop
density by roughly a factor of five. The loop densities for the literature data at 360°C are
generally a factor of 2 — 5 higher than Ref-Zr and Ref-Hf for the same dose, which is
consistent with the effect of a lower irradiation temperature in increasing the loop
density. The reference alloy loop densities match the expected trend of lower loop
densities than the 360°C literature data.

The final comparison with literature data for average loop density includes
neutron irradiation data, as shown in figure 7.9 [36, 129-131]. Neutron irradiation data

are shown in black while proton irradiation data are shown in grey, similar to figure 7.8.
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The neutron irradiation data at 275°C has loop densities that are nearly an order of
magnitude higher than Ref-Zr and Ref-Hf. Assuming invariance of the net flux of
defects to a particular sink outlined by Eq. 7.6, neutrons at 275°C compare to protons at
300°C, so the higher loop densities for the neutron data are consistent with the effect of
lower temperature on increasing loop density. Loop densities for neutron irradiation at
400°C, which are comparable to proton irradiation at 450°C, are more than an order of
magnitude lower than for Ref-Zr and Ref-Hf and are consistent with the effect of higher
temperature on decreasing loop density. Finally, the neutron irradiation data at 320 —
340°C, 7.4 dpa, most closely resembles the reference alloy data. The neutron data from
320 — 340°C, which compares to protons at 355 — 380°C, has a loop density that is twice
that of Ref-Zr at 7 dpa. Irradiation temperatures and densities are similar, with the lower
neutron irradiation temperature consistent with a higher loop density.

Loop diameters for Ref-Zr and Ref-Hf compare well with one another, and loop
densities are higher for Ref-Zr compared to Ref-Hf due to the increase in Si
concentration. The reference alloys have loop microstructures that are similar to 400°C
proton irradiation data for commercial alloys and neutron irradiation data from 320 —
340°C. More importantly, the loop microstructure data for the reference alloys can be
used in a comparative fashion to understand the effects of oversized solute additions on

irradiated loop microstructure.

7.1.4 Relationship between Loop Microstructure and RIS

This section discusses the effects of oversized solute additions on loop
microstructure and how those effects are consistent with the RIS measurements of
oversized solute alloys. The effect of oversized solutes on the defect microstructure
should be to decrease the bulk defect concentration and decrease the defect flux arriving
at sinks by enhancing recombination. As a result, oversized solutes should exhibit some
combination of either lower loop density or lower loop diameter due to the decrease in
bulk defect concentration and defect flux to sinks.

In terms of the average loop diameter, the oversized solute alloys show no
significant difference from the reference alloys. Figure 7.10 plots average loop diameter

as a function of dose for all of the alloys in this study, with the reference alloys in shades
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of grey, LoZr and HiZr shown in shades of red, and LoHf and HiHf shown in shades of
blue. LoZr and HiZr loop diameters are similar to Ref-Zr at 3 dpa, and none of the +Zr
alloys show any significant change in diameter from 3 to 7 dpa. The behavior is similar
for LoHf and HiHf, with loop diameters slightly smaller than Ref-Hf by 2 nm at 3 dpa.
By 7 dpa, average loop diameters for LoHf and HiHf are within 1 nm of Ref-Hf, and
none of the alloys show much change in loop diameter from 3 to 7 dpa. There is no clear
trend in loop size as a function of dose, with average diameters increasing for some alloys
and decreasing for other alloys.

The oversized solute alloys do, however, show a significantly lower loop density
compared to the reference alloys. Figure 7.11 uses a semi-log plot to show average loop
density for all of the alloys as a function of dose, using the same color scheme as the
previous figure. There are two things to notice from this figure. First, loop densities for
the oversized solute alloys are significantly lower than the loop densities for the
corresponding reference alloys at 3 dpa. This is true for LoZr and HiZr whose densities
are 4 — 5 times lower than for Ref-Zr and again for LoHf and HiHf which are 2 — 4 times
lower than that for Ref-Hf at 3 dpa. The second important point from this figure is that
while loop densities remain constant for the reference alloys, all the oversized solute
alloys exhibit significant increases in loop density by a factor or 1.5 or more between 3
and 7 dpa. In fact, by 7 dpa LoHf even measures a similar loop density as Ref-Hf.

The effects of oversized solute additions on loop microstructure are consistent
with other loop microstructure studies of oversized solute alloys. Watanabe et al. [66]
observed reductions in loop density with Ti and, to a lesser extent, Nb additions to
austenitic stainless steel. Shigenaka et al. [20] found that Zr additions to 316L decreased
both the loop size and density after electron irradiation to 0.85 dpa at 500°C. And Gan et
al. [85] reported that after proton irradiation, Zr additions to 304SS caused a decrease in
the loop density, while average diameters remained unchanged. These studies support
the results found here, that oversized solute additions have a small effect on the average
loop diameter but show a strong reduction in the loop density.

In the trapping mechanism, oversized solutes trap vacancies and enhance the
recombination of point defects. Fewer point defects in the matrix mean that there are

fewer defects diffusing to sinks, including both grain boundaries and dislocation loops.
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The decrease in defect flux should affect both RIS and loop microstructure in a similar
fashion, with less grain boundary segregation and a less developed loop microstructure.
A comparison is made between the amount of Cr depletion and the total loop line
length, which is a product of the average loop circumference and density. The
expectation is that less Cr depletion should correspond to a lower loop line length. Figure
7.12 shows loop line length as a function of grain boundary Cr depletion for the +Zr
alloys. The figure shows a direct relationship between the amount of grain boundary Cr
depletion and the loop line length. At 3 dpa, Ref-Zr has 3 times more Cr depletion and 5
times the total loop line length than for LoZr and HiZr. By 7 dpa, increases in the Cr
depletion for LoZr and HiZr correspond to similar increases in the loop line length. The
relationship between Cr depletion and loop line length is similar at 3 and 7 dpa, and
illustrates how changes in the loop microstructure reflect changes in grain boundary RIS.
The comparison between Cr depletion and loop line length is made for the +Hf
alloys in figure 7.13 at 3 dpa. The relationship between Cr depletion and loop line length
again shows that lower amounts of Cr depletion correspond to a lower loop line length.
HiHf shows the lowest amount of Cr depletion and the lowest loop line length.
Meanwhile, the absence of oversized solute in the Ref-Hf alloy results in the highest
amount of Cr depletion and loop line length. The correlation between Cr depletion and
loop line length for the +Hf alloys is similar to the correlation for the +Zr alloys and
again illustrates the connection between changes in microchemistry and microstructure.
The observations for loop line length and Cr depletion are consistent with a study
by Gan et al. [44] who reported a substantial decrease in the loop line length compared to
a reference 316SS after proton irradiation of the alloy heat as HiHf to 2.5 dpa at 400°C.
And Fournier et al. [25], in measuring the same irradiated specimens from Gan et al. [44],
found substantially less Cr depletion for the +Hf alloy compared to their reference alloy.
The work combined showed a simultaneous decrease in Cr depletion and loop line length
with Hf addition to 316SS.
The loop microstructures of the irradiated oversized solute alloys are consistent
with the RIS measurements in two ways: 1) the suppression of loop nucleation and
decrease in total loop line length at 400°C and 3 dpa corresponds to a decrease in RIS at

the same temperature and dose, and 2) increases in loop line lengths for the oversized
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solute alloys from 3 to 7 dpa are mirrored by similar increases in RIS. The loop
microstructure data supports the vacancy trapping mechanism for oversized solutes by
showing decreased defect concentrations through vacancy trapping and enhanced

recombination.

7.1.5 Effect of Proton Energy on RIS

Proton irradiations are performed using either 2.0 MeV or 3.2 MeV, as mentioned
in section 4.2.2, where the difference between 2.0 MeV and 3.2 MeV proton irradiations
was discussed. The main difference between the two irradiations is in the displacement
damage as a function of depth into the damaged layer. For a given ion current, at a fixed
depth into the material, the dose rate for 2.0 MeV protons is greater than that for 3.2 MeV
protons (within the 2.0 MeV damage region of ~ 20 um). The same dose rate between
the two proton energies can be achieved by lowering the current of 2.0 MeV proton
irradiations relative to the currents used for 3.2 MeV proton irradiations. With the same
dose rate, the effects on the irradiated microstructure should be the same.

Comparing segregation measurements between 2.0 MeV and 3.2 MeV
irradiations, using the same alloy, temperature, and dose, confirms that proton energy
does not affect RIS. In figure 7.14, changes in the grain boundary concentration for Ni
and Cr are shown for 2.0 MeV and 3.2 MeV proton irradiations of HiZr, Ref-Hf, and
HiHf at 3 dpa in shades of blue and 7 dpa in shades of red. The error bars represent one
standard deviation of the measurements. All three alloys have RIS measurements made
at both proton energies at 3 dpa, and HiZr and HiHf have measurements for both energies
at 7 dpa. Measurements for HiZr at 3 dpa differ by slightly more than their errors. The
difference between measurements for HiHf at 7 dpa is more substantial, but there is no
reason to suspect the data because trends in segregation behavior are consistent for all
alloys, temperatures and doses with the exception of HiHf at 7 dpa. The difference for
HiHf at 7 dpa is discussed in greater detail in section 7.2. Otherwise, the measurements
between 2.0 MeV and 3.2 MeV are similar to within the measurement error. Further, the
results show no systematic trend in variation between 2.0 MeV and 3.2 MeV
measurements. The results show that the difference in proton energy between 2.0 and 3.2

MeV has no measurable impact on measured grain boundary segregation.
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7.2 Comparison of MIK-T Model Results with Experimental RIS Measurements

This section compares the MIK-T model with experimental segregation
measurements for the +Zr and +Hf alloys. The comparison will provide an indication of
whether the vacancy trapping mechanism can describe the observed behavior.

The solute-vacancy binding energies that were calculated using ab initio methods
described in chapter 6 are used in model calculations. The binding energies are 1.08 eV
for Zr and 0.71 eV for Hf. Section 6.2.4 defined the trapping radius and recombination
radius as being the distance to the 4™ nn position at roughly 0.5 nm. Also, the oversized
solute concentrations of the alloys are used as input with the assumption that all of the
solute is in solution.

Comparisons between model and experiment at 400°C are made at 3 and 7 dpa
for the +Zr alloys, representing a low dose and high dose for the alloys. To be consistent,
the comparison for the +Hf alloys should also be made at 3 and 7 dpa. However, the
measurements for HiHf at 7 dpa do not agree with one another, with a difference of 7 at%
Ni enrichment and 3 at% Cr depletion between the two measurements. Figure 7.15 plots
the changes in grain boundary Cr and Ni concentrations for all of the measurements at
400°C for the +Hf alloys.

Figure 7.15 shows a consistent trend in the data, where the reference alloy shows
the most segregation while the alloy with highest solute concentration shows the least
amount of segregation. The trend applies at 3 dpa, and again at 10 dpa, where Ref-Hf
and LoHf have similar segregation within the errors of their measurements and HiHf has
the lowest amount of segregation. The trend in segregation behavior is also consistent
among the +Zr alloys at 400°C for all doses, and again at 500°C, 1 and 3 dpa for both
+Hf and +Zr alloys. Only at 7 dpa for HiHf is the trend different, with HiHf having more
segregation than Ref-Hf or LoHf.

A detailed review of the experiments showed no reason to suspect the data to be
incorrect. Yet the measurements for HiHf at 7 dpa show different values for RIS from
one another and are not consistent with the other data. As a result, comparisons between
model and experiment for the +Hf alloys will not rely on this irradiation condition and

will use segregation data at 3 and 10 dpa instead.
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As the accurate prediction of Cr depletion is the most important aspect of RIS
modeling, the comparison between model and experiment focuses on Cr depletion. This
comparison is sufficient to understand the behavior of oversized solutes on RIS and to
assess the results between the MIK-T model and experimental measurements.

Starting with comparisons at 400°C and 3 dpa, figure 7.16 shows the amount of
Cr depletion between model and experiment. The left side of the figure is for the +Zr
alloys and the right side of the figure is for the +Hf alloys. The most striking feature is
that the model predicts a significant reduction in Cr depletion for LoZr and HiZr relative
to Ref-Zr, and the RIS measurements are consistent with the model in showing a
significant reduction in RIS. The MIK-T model predicts a reduction in Cr depletion for
LoHf and HiHf compared to Ref-Hf, but not as significant as predicted for the +Zr alloys.
Measurements for LoHf and HiHf also show a reduction in Cr depletion, and though it is
not as much as predicted by the model, it is consistent with the trend of showing less of
an effect on Cr depletion for the +Hf alloys as compared to the +Zr alloys.

Recall from chapter 6 that ab initio calculations determined that the solute-
vacancy binding energy for Zr, at 1.08 eV, is larger than for Hf, at 0.71 eV. The results
mean that Zr should be more effective in suppressing RIS than Hf. Thus, the MIK-T
model predicts a larger reduction in RIS for Zr as compared to Hf. And segregation
measurements confirm the calculated difference in solute-vacancy binding energies
between Zr and Hf by showing a more significant reduction in Cr depletion for the +Zr
alloys compared to the +Hf alloys at 400°C and 3 dpa.

Figure 7.17 shows the comparison between model and experiment at 400°C and 7
dpa for the +Zr alloys and 10 dpa for the +Hf alloys. The model still predicts significant
reduction of Cr depletion for LoZr and HiZr compared to Ref-Zr, and again for LoHf and
HiHf compared to Ref-Hf. The measured values, however, no longer show a reduction in
Cr depletion for the oversized solute alloys. LoZr and HiZr now more closely resemble
the amount of Cr depletion for Ref-Zr, where only HiZr has a statistically-significant
difference in Cr depletion from Ref-Zr. Measurements for LoHf and HiHf have no
statistically-significant difference from Ref-Hf, indicating no effect of Hf at the higher
dose. One explanation for the lack of agreement between model and experiment is that

oversized solutes lose the ability to reduce segregation at the higher dose.
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The loss of solute effectiveness was observed by Fournier et al. [25] for 316SS
with Hf, the same alloy heat as HiHf in this study, irradiated to doses of 2.5 and 5 dpa at
400°C. At 2.5 dpa, Cr depletion was suppressed for the +Hf alloy relative to the
reference alloy, with a difference of more than 3 at%. By 5 dpa, Hf addition shows little
benefit in reducing RIS, with a difference in Cr depletion of less than 1 at% from the
reference, similar to the difference in this study between Ref-Hf and HiHf at 10 dpa.

Figure 7.18 makes a comparison between model and experiment for the +Zr and
+Hf alloys at 500°C and 1 dpa. The model predicts almost complete suppression of Cr
depletion for LoZr and HiZr and calculates a large reduction in Cr depletion for LoHf and
HiHf compared to Ref-Hf. The experimental measurements do not agree quantitatively
with the model, but all four oversized solute alloys are qualitatively consistent with the
trend of the model in showing a reduction in Cr depletion. In addition, LoZr and HiZr
show less Cr depletion than LoHf and HiHf, which is consistent with Zr being more
effective than Hf in reducing RIS.

Finally, model and experiment are compared for the oversized solute alloys at
500°C and 3 dpa in figure 7.19. The model continues to show suppression of RIS for all
of the oversized solute alloys. At 3 dpa, however, only HiZr still shows a reduction in Cr
depletion relative to Ref-Zr, and the reduction is less than it was at 1 dpa. The
measurements for LoZr, LoHf and HiHf show a similar amount of Cr depletion as their
reference alloys, and the difference between model and experiment can again be
explained by a loss of solute effectiveness on RIS at higher dose.

Segregation measurements confirm the calculated difference in solute-vacancy
binding energies between Zr and Hf. At all temperatures (400°C and 500°C) and at all
doses studied from 1 — 10 dpa, any reduction in Cr depletion is greater for the +Zr alloys
than for the +Hf alloys. As a result, RIS measurements confirm the results of first-
principles calculations in showing a greater effectiveness of Zr relative to Hf on reducing
RIS due to the larger binding energy for Zr at 1.08 eV relative to Hf at 0.71 eV.

Measured reduction of Cr depletion disappears after 3 dpa at 400°C and after 1
dpa at 500°C for the +Zr and +Hf alloys, indicating that the effectiveness of oversized
solute disappears more quickly as a function of dose at the higher temperature. Given

that: 1) the behavior of reference alloy RIS was validated against literature data and also
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against model calculations of RIS, and 2) the effect of oversized solute additions in
suppressing Cr depletion is observed at low doses, then the disappearance of the effect of
oversized solutes on RIS with increasing dose must be due to changes in the irradiated

microstructure.

7.3 Mechanism Responsible for Loss of Effect from Oversized Solutes

The loss of effect on RIS from oversized solutes could come from two sources: 1)
a loss of solute effectiveness in trapping vacancies and enhancing recombination due to
solute poisoning, and 2) a loss of the oversized solute itself from the matrix. This section

analyzes the role of these two sources for explaining the loss of effect on RIS.

7.3.1 Loss of Oversized Solute Effectiveness due to Solute Poisoning

Vacancy trapping causes enhanced recombination with freely migrating
interstitials. Smaller substitutional atoms, like Si, migrating as interstitials, could
recombine with the vacancy to become first nearest neighbors of the oversized solute
atom. Alternatively, a small interstitial could bind with the vacancy and sit near the
vacant lattice site without recombination. In either case, the effect would be a reduction
in the strain field surrounding the oversized solute atom or a change in electronic effects
with neighboring atoms. Such solute “poisoning” may decrease the oversized solute
atom’s ability to trap vacancy defects and enhance recombination. The effects of solute
poisoning could take two forms: 1) a decrease in the trapping and recombination radii,
and 2) a decrease in the solute-vacancy binding energy.

The trapping and recombination radius are based on the distance to the 4™ nearest
neighbor (nn) atom and define the interaction volume around the solute atom. The range
of the interaction does not depend on solute type or on electronic effects with neighboring
atoms. The binding energy as a function of nn distance for both Zr, in red, and Hf, in
blue, is shown in figure 7.20. The difference in binding energy at the 1% nn position is
attributed to electronic effects, but the ranges for Hf and Zr are similar and so are not
attributed to electronic effects with neighboring atoms. Since the range of interaction is

not likely to depend on the types of neighboring atoms, then solute poisoning should not
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affect the trapping and recombination radii. Furthermore, the MIK-T model was shown
in chapter 6 to be relatively insensitive to the trapping and recombination radii, so
changing their values to a 1% or 2" nn distance will have virtually no effect on
segregation. For these reasons, decreases in the trapping or recombination radii are
unlikely to be the cause for the loss of effect from oversized solutes on RIS.

Solute poisoning could also reduce the binding energy of oversized solute atoms
by decreasing the elastic interaction energy between the vacancy and solute atom. No
calculations have been performed to quantify this effect. Nevertheless, the fact that Zr
and Hf differ so much in binding energy demonstrates that electronic effects with
neighboring atoms are an important contribution to the binding energy. For this reason,
solute poisoning could cause a substantial change in binding energy.

In figure 7.21, grain boundary Cr depletion for LoZr and HiZr irradiated to 7 dpa
at 400°C is calculated in the MIK-T model for a binding energy of 0 to 1 eV. The figure
also represents the measured Cr depletion values for the alloys with dashed lines. For
LoZr, the measured value is greater than any of the calculated values and best matches
the model at 0 eV. For HiZr agreement between model and experiment is at
approximately 0.3 eV.

The binding energy is varied from 0 to 1 eV for the +Hf alloys and compared with
the measured Cr depletion at 400°C and 10 dpa as shown in figure 7.22. Dashed lines are
again used to represent the measured Cr depletion at 10 dpa for LoHf and HiHf. LoHf
agrees with the model at 0 eV and HiHf agrees with the model at approximately 0.3 eV.
Agreement between model experiment for the +Hf alloys is similar to the +Zr alloys.

The result of the binding energy analysis shows that solute poisoning would have
to reduce the solute-vacancy binding energies to 0 — 0.3 eV for Zr and Hf. Kato et al.
[23] estimated binding energies for Ti and Nb in 316L to be 0.14 and 0.18 eV,
respectively. Sakaguchi et al. [21] fit a RIS model with vacancy trapping to measured
segregation values for Ti and Nb in 316SS and estimated binding energies for the
oversized solutes to be ~ 0.2 and 0.4 eV, respectively. The results shown here indicate
that vacancy-trapping effectiveness for Zr and Hf would have to at least be reduced to the
equivalent effectiveness of Ti or Nb for the MIK-T model to match measured segregation

values at high dose. For LoZr and LoHf, almost a complete loss of solute-vacancy
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binding is necessary to explain their experimental measurements of Cr depletion at high
dose.

No experimental measurements or calculations exist which can be used to
substantiate the reduction in binding energy for Zr or Hf. But in terms of atomic volume,
Gan et al. [44] listed the 316SS atomic volume, 1€, as 6.86 cm*/mol compared to ~ 1.6
for Ti and Nb and ~ 2Q for Hf and Zr. A vacancy defect in fcc Ni has a calculated
relaxation volume of ~ 0.4Q [133], so to reduce lattice strain for Zr and Hf to be
equivalent to Ti and Nb would require at least the capture of a vacancy defect.
Discussion of the relaxation volume assumes that binding energy correlates with lattice
strain, but the calculated solute-vacancy binding energies for Zr and Hf indicate that
binding energy depends only in part on strain effects, and partly also on electronic
interactions. As a result the strain-binding energy relationship is more complicated than
the treatment given here. Nevertheless, the reduction in lattice strain for HiZr and HiHf
would still be substantial, and for the LoZr and LoHf alloys, the lattice strain would
likely need to be reduced even more than 0.4Q2 in order to give a binding energy near
zero. Such a large reduction in strain would include at least the reaxlation from a trapped
vacancy defect. Since the reduction in binding energy requires the trapping of a vacancy,
it contributes to the mechanism of enhanced recombination. The end result is that solute
poisoning is not able to explain the loss of solute effectiveness on RIS.

7.3.2 Loss of Oversized Solute to Precipitation

Another possible explanation for the loss of solute effectiveness on RIS is that the
solute is lost from solution due to a precipitation reaction. As seen in section 5.3, solute-
rich precipitates exist prior to irradiation, so it is known that the actual concentrations of
Zr or Hf in solution and available for vacancy trapping is less than the bulk alloy
concentrations.

The oversized solute concentrations are varied from 0 — 0.1 at% for calculations
in the MIK-T model for the +Zr alloys in figure 7.23 and the +Hf alloys in figure 7.24.
The measured values of Cr depletion for the oversized solute alloys are shown by dashed
lines. For HiZr and HiHf, solute concentrations would need to be about 0.01 at% at 7 dpa

and 10 dpa, respectively, for the measurements to match the MIK-T model. LoZr and
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LoHf would require a complete loss of solute concentration from solution for the
measured Cr depletion to match the model.

The loss of oversized solute in solution would require radiation-induced
precipitation or radiation-enhanced diffusion to existing precipitates. The solubility limit
of Zr and Hf in Fe, Ni or Cr is negligible [134, 135], so Zr and Hf may be expected to
come out of solution during irradiation since the diffusion Kinetics are increased due to
higher point defect concentrations. The loss of solute means a loss of vacancy trapping
sites and therefore a loss of enhanced recombination of defects. The result is that grain
boundary concentrations begin to more closely resemble the reference alloys.

Suzuki et al. [136] found growth of TiC precipitates in the matrix in austenitic
stainless steel with fast neutron irradiation at 300°C. High purity 316SS with additions of
0.90 wt% Hf or 0.78 wt% Zr were neutron irradiated by Ohnuki et al. [86], and though no
precipitates were observed prior to irradiation, a high density of fine ZrC or HfC
precipitates developed after irradiation at temperatures of 500°C and 600°C,
demonstrating that both Zr and Hf are susceptible to radiation-induced precipitation with
carbon. Finally, Fournier et al. [25] observed Hf-rich precipitates in 316SS prior to
irradiation with a density of 1 x 10** m™ for a 30-minute, 1100°C anneal or 8.6 x 10® m
for a 20-minute, 900°C anneal, where the Hf-doped alloy is the same heat as HiHf in this
study.

An existing oversized solute-rich precipitate microstructure prior to irradiation is
supported by SEM observations of all four oversized solute alloys that show precipitates
both before and after irradiation. TEM observations for the HiHf alloy resulted in a
measured precipitate density of 7 x 10'° m™ with an average size of 62 + 36 nm after a
60-minute, 1000°C anneal. Similarly, the HiZr alloy had a measured precipitate density
of 2.5 x 10* m™ with an average size of 81 + 32 nm after a 60-minute, 1000°C anneal for
HiZr. XRD analyses from section 5.3.1 confirm these precipitates as ZrC and HfC prior
to irradiation, due to thermal aging [49]. This does not exclude the presence of other
intermetallic-type precipitates; rather, their concentration could be below the detection
limit in XRD. In addition, radiation-induced precipitation could form other types of
phases apart from just carbides [49]. Given that Ohnuki et al. [86] did not observe

precipitation below 500°C, an analysis of precipitation will consider only radiation-
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enhanced diffusion of oversized solute to pre-existing precipitates to determine whether
or not this can explain the loss of solute from the matrix.

Precipitate growth is used to explain the loss of solute from solution. However,
precipitate growth cannot be confirmed by measuring a change in precipitate size.
Assuming the precipitate density remains constant, a complete loss of 0.37 at% Hf in the
HiHf alloy would require a mean precipitate size of 76 nm. The precipitates have a size
distribution with a mean of 62 nm and a standard deviation of 36 nm, so the increase in
size of the precipitates by absorption of all solute is less than the standard deviation.
Similarly for the HiZr alloy, a complete loss of 0.28 at% Zr would lead to a mean
precipitate size of 97 nm, and the difference from the measured average of 81 nm is less
than the standard deviation of the measurement, 32 nm. Therefore, TEM imaging as a
function of irradiation dose cannot be used to confirm precipitate growth from the loss of
solute to precipitates.

Precipitation kinetics developed by Shewmon [137] considers the loss of
oversized solute as a function of irradiation time. If the precipitates are homogenously
distributed, then each precipitate can be defined in a unit cell where the remaining solute
in solution will then diffuse to the precipitate as a function of irradiation time. The

diffusion of solute to the precipitate can be described by:

3 A
4’;“? %C:J(a)-mzaz. 7.7)

The term on the left is the loss rate of solute from the unit cell and the term on the right is

the rate of gain for solute diffusing to the precipitate, where r. is the radius of the unit
cell, t is the irradiation time, C is the average solute concentration, « is the radius of the
precipitate, and J () is the flux in the solid solution at the surface of the precipitate,

r =« . For clarity, an example of the solute concentration in a unit cell as a function of
the radius of the unit cell is shown in figure 7.25, where ¢y is the initial solute
concentration outside of the precipitate and ¢’ is the matrix concentration in equilibrium
with the precipitate.

The evaluation of J(«) is made using the steady-state solution of the

concentration within the unit cell, at r =r,, according to:
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The solute is subject to the following boundary conditions:
C=Cp forr=rg,
c=c for r = a(t).

Solving for c(r) from Eq. 7.8, assuming r, >> a(t), gives:

(co—¢)
c(r)=—"—"2+c,. 7.9
(r) ay 0 (7.9)
The flux at the surface of the precipitate is given by:
J(a) = —D(@j = —D—(CO ¢ ), (7.10)
r=a(t) a(t)

where D is the diffusion coefficient. Substituting for the flux from Eq. 7.10 into Eq. 7.7,
the resulting expression for the rate of change of C is given by:

ax__ 3D
ot r3

e

(o —¢')-a(t). (7.11)

An expression for «(t) is required based on the conservation of solute according to the
equation:

%ﬂcpa?’(t) = gﬂrf[co —c(t)], (7.12)

where c,, is defined as the atom fraction of the solute in the precipitate. Equation 7.12

also assumes that « =0 att=0. Solving for «(t) gives the following equation:

1

alt) = r{co ;6“)]2. (7.13)

p

After plugging the solution for «(t) into Eq. 7.11 and integrating, the final solution is:

(7.14)

Note that this solution is valid for short times, where r, >>+/Dt .

The diffusion coefficient, D, is described by:
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D= Doe(ij, (7.15)
where Dy is the pre-exponential factor, Q is the activation energy, k is Boltzmann’s
constant and T is the irradiation temperature. Under irradiation, the activation energy is
the migration energy, and the diffusion coefficient is described by:
D = D,Cy, (7.16)
which is the product of the defect diffusion coefficient, D, and the defect concentration,
Cx, Where x describes the defect type.

The analysis considers the loss of oversized solute through the vacancy flux only.
The large size of Zr and Hf relative to the matrix atoms makes their diffusion as
interstitials improbable. Vacancy migration energies for Zr or Hf in a Fe-Cr-Ni system
are not known but can be bounded by the Cr migration energy calculated in the MIK
model, since Cr represents the largest element in the ternary Fe-Cr-Ni alloy. The
calculated diffusion coefficient for Fe-20Cr-9Ni in the MIK model [33] uses a migration
energy of 1.18 eV and a pre-exponential factor of 4.08 x 10° m?/s. The resulting Cr
diffusion coefficient via vacancies is 5.93 x 10™ m?/s at 400°C and 8.25 x 10 m%s at
500°C.

Defect concentrations are the steady-state matrix concentrations taken from the
MIK model, with vacancy atom fractions of ~ 1.3 x 10 at 400°C and 2.0 x 107 at
500°C. The initial concentration of solute in the matrix, co, prior to irradiation was
estimated at 0.16 at% for HiHf using an TEM imaging study described in section 5.3.3.
Assuming that HfC precipitates are stoichiometric, then c, is 0.5. For a precipitate
density of 7 x 10" m™, then r, = 1.21 x 107 m. Recall that the solution in Eq. 7.14 is

valid for short times, where r, >>+/Dt . Using the values for r. and D, then r, is not

equal to VDt until doses of 18 dpa at 400°C and more than 8 dpa at 500°C. These
irradiation doses are substantially higher than the doses used in this study, so the short-
time solution is valid.

The results of the precipitation kinetics analysis are shown in figure 7.26, where
the concentration of Hf in the matrix is plotted as a function of irradiation dose. The
calculated vacancy diffusion coefficients are shown at 400°C, in blue, and 500°C. The

result is a small loss of oversized solute to precipitates at both 400°C and 500°C on the
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time scales of proton irradiations. At higher doses, a total loss of Hf to precipitates
occurs at both temperatures, so faster diffusion rates or shorter diffusion distances could
cause the total loss of solute on the time scales of proton irradiations.

The analysis is dependent on the migration energy because it has a large impact
on the amount of solute remaining in solution. The analysis uses the Cr vacancy
migration energy, but a lower migration energy for the oversized solutes may be a
reasonable assumption based on first principles calculations by Krémar et al. [16] and
Janotti et al. [15], where large solute atoms in fcc Ni are shown to diffuse faster through
the vacancy flux than small solute atoms. Janotti et al. specifically addressed the
diffusion of 4d and 5d transition elements in Ni, and migration energies are the lowest for
Zr and Hf at around 0.2 eV.

Figure 7.27 shows Hf concentration as a function of migration energy. The Cr
migration energy of 1.18 eV is shown by a vertical line in the figure, and migration
energies of approximately 1.03 and 1.06 eV would explain a loss of solute from the
matrix at 500°C, 3 dpa and 400°C, 7 dpa, respectively. The shaded region marks the
migration energy range from 1.03 — 1.06 eV that accounts for the estimated solute in
solution from figures 7.23 and 7.24, between 0 — 0.01 at%. Based on diffusion rate
trends from Krémar and Janotti, Hf and Zr may be expected to have lower migration
energies than Cr and therefore diffuse faster through the vacancy flux. And similar
migration energies for Hf are able to explain the loss of solute at both 400°C and 500°C
at the doses where a loss of solute effectiveness on RIS is observed.

The mobility of oversized solute to diffuse to precipitates through the vacancy
flux is not fully consistent with the trapping mechanism, since solute diffusion through
vacancies may prevent them from acting as recombination centers. However, the
processes for diffusion and recombination occur on very different time scales, with a
trapped vacancy-interstitial recombination event occurring on a much shorter time scale
relative to the time scales required for precipitate growth. The trapping mechanism
results in either the recombination of a trapped vacancy with a free interstitial or the
release of the trapped vacancy. The inverse of the dissociation coefficient, z , describes
an average trapping time for a vacancy defect with a solute atom. For Zr with a binding

energy of 1.08 eV, the average trapping time for a defect is 6 x 10° s at 400°C.
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Considering a vacancy migration energy of 1.05 eV, the diffusion distance, described by
VDt , for the same time period is 3.5 nm, which is much less than the spacing between
precipitates. For Hf with a binding energy of 0.71 eV, the average trapping time at
400°C is only 11 s, and the diffusion distance is ~ 0.2 nm. Given that diffusion to
precipitates requires time scales on the order of 10’ s, the mobility of solute atoms is
small relative to the time scales of vacancy trapping, recombination and release events.
The solute atoms remain as sites for trapping and recombination for most of their time in
solution.

As solute is lost to precipitates, the trapped vacancies return to the matrix as part
of the free vacancy concentration. The release of trapped vacancies, however, is not
expected to have an impact on the interstitial loop microstructure. In the temperature
regime of the proton irradiations, the defect concentrations are dominated by
recombination, though loss to sinks is also significant. Based on defect fractions from
the MIK-T model, for the HiZr alloy with 0.28 at% Zr at 400°C, the trapped vacancy
fraction is 1.1 x 10, Since solute is lost over the time scale of ~ 10 s, trapped vacancies
released to the matrix amounts to ~ 1 x 10™% s, much less than the defect production rate
of 1 x 10° s, Moreover, the ratio of free vacancies to free interstitials is no different for
an oversized solute alloy compared to an alloy without solute. For the HiZr alloy under
the same irradiation conditions, the free vacancy fraction is 6.8 x 10™% and free interstitial
fraction is 1.6 x 10™°, for a ratio of 4.35. For the same alloy without Zr, the free vacancy
fraction is 1.3 x 10 and free interstitial fraction is 3.1 x 107, for a ratio of 4.25. The
point is that addition of oversized solutes does not change the ratio of vacancies to
interstitials, so the loss of solute from solution will not affect the net flux of defects to
sinks, like dislocation loops, and therefore will not affect the loop morphology.

The kinetics analysis is a good approximation for ¢/c, >2/3, but figures 7.26 and

7.27 plot the solution for € = zero. According to Refs. 137 and 138, when the
concentration in the unit cell drops to less than two-thirds of the initial concentration, the
driving force for solute diffusing to the precipitate decreases because of a smaller
difference between € and c’. The rate of solute lost to the precipitate then becomes less
than predicted by Eq. 7.6, meaning that the solution under-estimates the diffusion time

and the migration energy. However, as shown in figure 7.27, lower migration energies
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for the solute atoms will enhance the diffusion. Since the actual migration energy for Hf
or Zr is not known, the analysis can still predict a loss of solute to precipitates given
sufficiently low migration energy. Figure 7.27 shows that migration energies of ~ 1 eV
show a complete loss of solute to precipitates, but Janotti et al. [15] calculated migration
energies for Zr and Hf of 0.2 eV, which are sufficient to explain the loss of solute when
C/cy <2/3.

This analysis was performed only for HiHf, but the conclusions would not depend
on the alloy. The initial concentration for HiZr was 0.11 at% Zr in solution. The
migration energies and times required for the loss of solute from solution are similar to
the values shown for HiHf, with a complete loss of Zr at 400°C, 7 dpa and 500°C, 3 dpa
occurring with migration energies from 1.02 — 1.05 eV. Similarly, although initial
concentrations of solute remaining in solution for LoHf and LoZr would be different than
HiHf or HiZr, conclusions from the analysis would be similar. Since the analysis is not
strongly dependent on the value of the initial concentration, the error in the TEM estimate
of solute in solution is not important.

The analysis assumes that the solubility limit of Hf or Zr in stainless steel at the
irradiation temperatures is negligible. Work by Abraham et al. [139] has shown that for
stainless steel with Zr, the solubility of Zr drops to zero at temperatures below 600°C.
Phase diagram calculations using FactSage [140] with the SGTE database (applicable to
metals and alloys) support the lack of solubility for Zr and Hf. The calculated phase
diagrams show that for a Fe-Ni-C austenite system, at temperatures below 600°C, the
solubility of Zr or Hf drops to zero. In simpler binary phase diagrams of Fe, Cr or Ni
with either Zr or Hf, the solubility of solute again is negligible at irradiation temperatures.
Drawing from both experimental work and calculations from databases, no Zr or Hf is
expected to be in solution at 400°C or 500°C for proton irradiations.

Figures 7.16 to 7.19 make comparisons of measured RIS with the MIK-T model
using the oversized solute concentration for the bulk alloy. However, TEM imaging from
chapter 5 revealed that not all of the oversized solute remained in solution prior to
irradiation. An estimate of the amount of solute remaining in solution prior to irradiation
may be used in the MIK-T model to observe the effect on the calculated RIS results.

Figure 7.28 uses the estimated solute concentration to re-calculate Cr depletion for the
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HiZr and HiHf alloys at 400°C. For the HiZr alloy, the solute concentration is 0.11 at%
Zr and for HiHf, the solute concentration is 0.16 at%. In figure 7.16, the MIK-T model
values did not lie within the error of the measured values for HiZr or HiHf at 3 dpa. By
using the estimated solute concentrations based on TEM imaging, figure 7.28 shows that
the model values now lay within the errors of the measured values for HiZr and HiHf at
400°C and 3 dpa. The improved agreement between model and experiment confirms that
an accurate value for the amount of solute in solution is important for understanding RIS
behavior. In addition, figure 7.28 shows that at higher doses, the calculated and
measured values for Cr depletion no longer agree. But if the model included a further
loss of solute due to precipitate growth at the higher dose, the model values may again be
consistent with experimental measurements at high dose, as has been shown by figures
7.23 and 7.24.

The significance of this analysis is that the removal of solute to precipitates by
vacancy diffusion is possible under the conditions in these experiments. The loss of
solute effectiveness observed in RIS at 500°C, 3 dpa and 400°C, 7 dpa can be explained
by the precipitation kinetics analysis. The estimated migration energy required to explain
the loss of solute by precipitate growth is less than the Cr vacancy migration, which is
consistent with the results of Janotti et al. [15] in showing lower migration energies for
elements with a larger atomic radius such as Zr and Hf relative to Cr. And account
accounting for the loss of oversized solute from solution due to precipitation results in
better agreement between model-calculated RIS and measured values. As a result, the
loss of solute by precipitate growth is the most likely mechanism to explain the loss of
solute effectiveness on RIS.

7.3.3 Atom Probe Analysis
A final technique to confirm the loss of oversized solute with irradiation dose is

through atom probe analysis. Local electrode atom probe (LEAP) results were presented
in section 5.3.3. Each of the four oversized solute alloys was analyzed in the unirradiated
condition. Of these, LoZr, HiZr and HiHf showed solute remaining in solution, while

LoHf did not. LEAP analyses were also conducted on specimens irradiated at 400°C.
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For LoHf, there is no confirmed Hf above the detection limit in LEAP in the
unirradiated condition. LoHf also shows no difference in Cr depletion from Ref-Hf
beyond the error of the measurements for the two alloys at 400°C and 3 dpa. Since no Hf
could be detected in LoHf in the unirradiated condition, analyses on the irradiated alloy
were not performed.

The HiHf alloy also shows Hf present in the unirradiated condition. And HiHf
does show a small reduction in Cr depletion from Ref-Hf at 400°C and 3 dpa. By 7 dpa,
there is again no difference in Cr depletion between the Ref-Hf and HiHf alloys. LEAP
analysis also could not confirm the presence of Hf in solution, though there is uncertainty
in the analysis due to a number of unidentified peaks near the expected mass/charge
ratios for Hf which complicated the analysis.

For LoZr, Zr is detected in the unirradiated alloy, but Zr cannot be confirmed in
the mass/charge spectra at 3 or 7 dpa. Reductions in Cr depletion are observed at 3 dpa,
400°C, but this disappears by 7 dpa. The apparent loss of Zr based on RIS measurements
is consistent with the LEAP analysis.

Finally, only the HiZr alloy shows a statistically significant reduction in Cr
depletion from the reference alloy at 7 dpa. HiZr is also the only alloy to have confirmed
oversized solute in solution at 3 and 7 dpa from LEAP analysis, showing that at least
some measurable concentration of Zr has remained in solution.

The results of LEAP analysis and their correlation with RIS data is shown in
figure 7.29. The figure answers the questions: 1) is any oversized solute remaining in
solution according to LEAP, and 2) if so, does the alloy show a reduction in Cr
depletion? For example, if oversized solute is confirmed by LEAP to be in solution at 0
dpa, then the oversized solute should suppress Cr depletion at 3 dpa. The figure shows
that for every alloy condition measured in LEAP, there is consistency between the
reduction in Cr depletion and the detection of solute in solution by LEAP.

The LEAP results indicate when the amount of oversized solute in solution has
dropped below the detectability limit, but some solute may still remain in solution, and
even a small amount of solute has a large effect in reducing RIS. For example, LEAP did
not detect solute in solution for LoZr and HiHf at 3 dpa, 400°C. Since LoZr and HiHf

still show a reduction in RIS, the solute in solution is below the detectability limit.
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According to figure 7.30, which shows grain boundary Cr depletion as a function of
oversized solute concentration from the MIK-T model, even low solute concentrations of
0.01 at% can still reduce RIS by several at%. The model result is consistent with the
LEAP analysis in showing that, even as solute is lost to precipitates, the remaining solute
continues to reduce RIS until the solute is lost from solution entirely. The reduction in
RIS is consistent with the MIK-T model in showing a large reduction in RIS, even for a
small amount of solute, and RIS is also consistent with LEAP results in showing that
small concentrations below the detectability limit for these alloys conditions can still
cause a large reduction in Cr depletion.

The loss of oversized solute atoms from solution due to precipitate growth is the
most likely cause for the disappearance of solute effectiveness on RIS with increasing
dose. Results from the literature indicate that both precipitate growth and radiation-
induced precipitation have been observed for similar irradiated alloys. Experimental
observations in this study have confirmed the presence of a ZrC or HfC precipitate
microstructure prior to irradiation. The loss of oversized solute to precipitate growth
during irradiation is consistent with LEAP analysis, where for every alloy condition
measured, solute in solution corresponds to a measured reduction in RIS, and the loss of
solute is accompanied by a loss of solute effectiveness on RIS.
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Figure 7.1 A comparison of Cr depletion between the reference alloys in this study and
literature values for proton irradiation data, showing the amount of grain boundary (GB)
Cr depletion as a function of dose for austenitic stainless steels at temperatures of 360 —
500°C [17, 25, 26, 28, 33].
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Figure 7.2 A comparison of Cr depletion between the reference alloys in this study and
literature values for neutron irradiation data (black symbols) and proton irradiation data
(grey symbols), showing the amount of grain boundary (GB) Cr depletion as a function
of dose for austenitic stainless steels at temperatures of 275 — 500°C [17, 25, 26, 28, 33,
45, 84, 123].
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Figure 7.3 A comparison of Ni enrichment between the reference alloys in this study and
literature values for proton irradiation data, showing the amount of grain boundary (GB)
Ni enrichment as a function of dose for austenitic stainless steels at temperatures of 360 —
500°C [17, 25, 26, 28, 33].
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Figure 7.4 A comparison at 400°C of the MIK model and experimental measurements for
the change in grain boundary Ni and Cr concentrations for Ref-Zr and Ref-Hf.
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Figure 7.5 A comparison at 500°C of the MIK model and experimental measurements for
the change in grain boundary Ni and Cr concentrations for Ref-Zr and Ref-Hf.
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Figure 7.6 Average loop diameters for the reference alloys in this study compared to
literature values for 316-type stainless steels irradiated with protons at temperatures of

360°C and 400°C [43-45, 91, 126, 127].

329



B 304 316, n 275°C, Edwards []
& 316.n 320-340°C, Edwards []
#  Fe l4Cr-16ML n, 400°C, Maziasz []

L Ref-Zr, p+, —EE_EL This ‘imd}'
35 ———— *I Ril-'--‘-?l: p—: —WI'C: I_hli Ium::l?.-'
= 30 . _
Z 25t _
= i
S Ao L ]
A 204
& [
5 15+ 1
(] - [ ]
%u 10 ¢ o 9 _ = ® h
5o At .
- o = i
0 : ! ' | |
0 2 4 6 Q 10
Dose (dpa)

Figure 7.7 Average loop diameters for the reference alloys in this study compared to
literature values for 316-type stainless steels irradiated with protons (grey symbols) and
neutrons (black symbols) at temperatures of 275 — 400°C [36, 43-45, 91, 126, 127, 129-
131].
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Figure 7.8 Average loop densities for the reference alloys in this study compared to
literature values for 316-type stainless steels irradiated with protons at temperatures of

360°C and 400°C [43-45, 91, 126, 127].
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Figure 7.9 Average loop densities for the reference alloys in this study compared to
literature values for 316-type stainless steels irradiated with protons (grey symbols) and
neutrons (black symbols) at temperatures of 275 — 400°C [36, 43-45, 91, 126, 127, 129-
131].
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Figure 7.10 Average loop diameters for all alloys in this study, plotted vs. dose for 3 and
7 dpa at 400°C.
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Figure 7.12 Loop line length as a function of grain boundary Cr depletion for the +Zr
alloys at 3 and 7 dpa, 400°C.
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Figure 7.13 Loop line length as a function of grain boundary Cr depletion for the +Hf
alloys at 3 and 7 dpa, 400°C.
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Figure 7.14 Measured changes in grain boundary Ni and Cr concentrations for the alloys
HiZr, Ref-Hf, and HiHf at doses of 3 and 7 dpa, using either 2 MeV or 3.2 MeV protons.
The comparison of Cr depletion between 2 MeV and 3.2 MeV irradiations shows that
grain boundary segregation values are not affected by protons in this energy range.
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and 10 dpa for all measurements for the +Hf alloys.
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and +HTf alloys irradiated at 400°C to 3 dpa.
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Figure 7.17 Comparison of MIK-T and measured values of GB Cr depletion for the +Zr

and +Hf alloys irradiated at 400°C to 7 dpa.
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Figure 7.18 Comparison of MIK-T and measured values of GB Cr depletion for the +Zr
and +Hf alloys irradiated at 500°C to 1 dpa.
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Figure 7.19 Comparison of MIK-T and measured values of GB Cr depletion for the +Zr
and +Hf alloys irradiated at 500°C to 3 dpa.
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Figure 7.20 Binding energy as a function of nearest neighbor distance from the oversized
solute. The top x-axis also includes the distance from the origin (oversized solute atom
position), in nm.
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Figure 7.21 Amount of GB Cr depletion at 400°C for LoZr and HiZr at 7 dpa compared
to the MIK-T model using a binding energy of 0 — 0.3 eV.
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Figure 7.22 Amount of GB Cr depletion as a function of binding energy at 400°C for
LoHf and HiHf at 10 dpa compared to the MIK-T model.
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Figure 7.23 Amount of GB Cr depletion as a function of solute concentration in solution
for LoZr and HiZr at 400°C, 7 dpa. Trapping and recombination radii are 0.5 nm, and
binding energies are 1.08 eV for Zr and 0.71 eV for Hf.
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Figure 7.24 Amount of GB Cr depletion as a function of solute concentration in solution
for LoHf and HiHf at 400°C, 10 dpa. Trapping and recombination radii are 0.5 nm, and
binding energies are 1.08 eV for Zr and 0.71 eV for Hf.
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Figure 7.25 Drawing of the concentration of solute in a unit cell as a function of the
radius of the unit cell, where r = « at the precipitate boundary and r =r, at the unit cell

boundary, c, is the initial solute concentration in the unit cell, T is the average solute

concentration as a function of irradiation time, and ¢’ is the equilibrium solute
concentration at the precipitate boundary.
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Figure 7.26 Hf concentrations remaining in the matrix as a function of irradiation dose at
temperatures of 400°C and 500°C, based on the Cr vacancy diffusion coefficient, using a
precipitation Kinetics analysis developed by Shewmon [137].

349



0.2

c

=

S

=

O |
2 0.15 R
j=

<

SN

S 01

;’ ' 400°C

8 7 dpa

s — >
= 0.05 Cr

8 migration
c

g energy

@)

G

T

1 1.05 1.1 1.15 1.2

Migration Energy (eV)
Figure 7.27 Hf concentration remaining in the matrix as a function of density at
temperatures of 400°C and 500°C, based on the Cr vacancy diffusion coefficient, using a

precipitation kinetics analysis developed by Shewmon [137]. The vertical line shows the
reference value for the migration energy of 1.18 eV.
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CHAPTER 8

CONCLUSIONS

The conclusions of this thesis are:

1.

Enhanced point defect recombination, due to oversized solute atoms through a
solute-vacancy trapping mechanism, is responsible for a reduction in grain
boundary RIS of Cr and Ni. Model and measurements both show a significant
reduction in Cr depletion after proton irradiation to temperatures of 400°C and
500°C.

Zr is observed to be more effective than Hf in reducing RIS because of the larger
solute-vacancy binding energy for Zr. The measurements are consistent with first
principle calculations of binding energy, and the MIK-T model agrees with RIS
measurements in predicting greater effectiveness on RIS suppression by Zr
compared to Hf.

Solute-vacancy binding energies for Zr and Hf are not just a function of the linear
size factor, as proposed in the literature, but must include the electronic
interactions with first nearest neighbor atoms.

The effect of oversized solutes in reducing RIS disappears by 7 dpa at 400°C and
by 3 dpa at 500°C. Since the MIK-T model predicts continued suppression of
RIS, the difference between model and experiment indicates a change in the
irradiated microstructure as the cause for the loss of solute effectiveness on RIS.
Enhanced recombination through vacancy trapping is confirmed by the large
differences in total loop line length between reference alloys and oversized solute
alloys. Significant increases in loop line length with increasing dose in the
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oversized solute alloys indicates a change in irradiated microstructure and also
reveals a loss of solute effectiveness on loop microstructure.

6. Removal of solute from solution to precipitates is the most likely explanation for
the loss of solute effectiveness on RIS. The mechanism is explained by solute
diffusion through vacancies, resulting in precipitate growth. The MIK-T model
shows that almost a complete loss of solute is necessary to explain the RIS results.
LEAP measurements showing a loss of oversized solute in solution with

increasing dose can explain the increases in grain boundary Cr depletion.

Future Work

Future work in this area may include some of the following approaches. First, to
assess the mechanism for the loss oversized solute during irradiation, in situ TEM
irradiation may be capable of observing the precipitate growth as it occurs with
irradiation. However, other scientists [21, 23] have performed electron irradiation studies
of oversized solute alloys without reporting a loss of solute effect on RIS, or the
observation of precipitates in the microstructure. Therefore, one might use a combination
of heavy ions and in situ TEM to simulate the large damage cascades of neutrons using
Ar+ or Xe+ ions while still maintaining the capability of observing precipitate growth or
other changes in the irradiated microstructure. Such work could be performed with a
dual beam IVEM — tandem microscope.

One method for preventing the loss of solute effect on RIS would be to eliminate
any formation of secondary phases with the oversized solute in order to keep as much of
the solute in solution as possible. For Zr and Hf, this would mean the elimination of C in
order to prevent the formation of carbides. Unfortunately, work by Ohnuki et al. [86]
suggests that even with very low levels of C (<0.003 wt%), the formation of carbides still
occurs. Perhaps the most important question to answer would be whether or not

additional secondary phases, such as ZrNis or HfNis intermetallics would form in the
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absence of C. With a low level of C, sufficient solute should remain in solution unless
intermetallics also form. This could be assessed by the fabrication of very low C alloys
and the post-irradiation examination of irradiated materials using XRD or other phase
identification techniques in TEM.

Oversized solute elements include more than just Zr and Hf. A substantial body
of work exists on Nb and Ti additions, and these solute additions do indeed seem to
reduce the amount of void swelling and RIS. However, because of their low solute-
vacancy binding energies, they may not have the same effect as solutes with much larger
binding energies. Nevertheless, the issue is binding energy vs. solubility. Additions of Y
and Sc, for example, may be expected to have even larger binding energies because of
their larger size relative to Zr and Hf. Fabrication of alloys with these solute additions
was done in a recent study [83], but the alloys showed high degrees of cracking,
especially during cold-rolling. These alloys were discarded due to significant issues with
fabrication which prevented them from being in a usable condition. Therefore, one must
choose solute atoms with a large binding energy but also with sufficient solubility in the
stainless steel. Since the MIK-T model predicts that only a small amount of solute will
have a large effect on RIS, the addition of the solute may require only low concentrations
in order to see a significant benefit in reducing radiation damage, so long as that solute
remains in solution and does not form secondary phases like carbides or intermetallics.

Determining the types of solute atoms on which to focus might first start with the
examination of their solute-vacancy binding energies using first principles methods. One
may employ a more sophisticated technique at determining binding energy by using a
more realistic system compared to the fcc Fe used in this study. The incorporation of Cr
and Ni, or even the study of the change in binding energy with changes in nearest
neighbor atoms (i.e. solute poisoning with Si), may give significant insight into more
realistic calculations for the binding energy. Also, binding energy studies of other
oversized solute atom types, including such exotic solutes such as Y, Sc, or Ta, may
provide further guidance into the choice of the best solute type for mitigating radiation
damage.

Finally, additional work on RIS modeling may improve the understanding of

oversized solute effects on RIS. The MIK-T model does not account for the loss of
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solute effectiveness on RIS, and this could be done by assuming that the solute
concentration in solution decreases with increasing dose. The loss of solute could be
some simple function of dose, or it could incorporate a more complex diffusion analysis
that accounts for diffusivity based on alloy concentration, oversized solute concentration,
solute type and temperature, to name a few of the important parameters. Also, some of
the results from this study have suggested that Si may be affecting RIS behavior in the
alloys, and there is plenty of room for expanding the MIK model to account for changes
in diffusivity of the major elements (Fe, Cr, Ni) based on the minor element additions.
Such changes to the MIK model would aid in understanding RIS not only for the

oversized solute alloys but for standard stainless steels, also.
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APPENDIX A

ACTIVITY CALCULATIONS

The following appendix outlines the radioactivity that is created from the
irradiation of a standard 316-type stainless steel. The radioactivity is created when a
proton interacts with the nucleus of an atom and creates a new isotope. There are many
different types of reactions that can take place with protons, but this document is going to
focus on the most probable reaction that can occur, namely the (p*,n) reaction. Since this
reaction usually occurs with a certain minimum energy threshold, only those reactions
occurring below the energy of the incoming proton will be considered. The (p*, He)
reaction was also considered, but for all of the naturally-occurring isotopes in this study,
either the reaction energy threshold was above the proton energies in consideration, or
there simply was no cross section data available at the relevant energies.

The standard 316SS being considered is, in atom percent, 66Fe-18Cr-13Ni-2Mo-
1Mn. These radioactivity calculations should be viewed with some caution because there
are many reaction types which are not being taken into account. Moreover, while
impurity additions of Si, P, C or any other low-Z elements will not create any long-lived
radioisotopes, other substantial impurity additions, such as Ti, V, Co, or Cu may need to
be taken into account, as necessary. No assessments of those are made here, however.
Nevertheless, considering the proton-induced reactions discussed below will give a
general idea of the amount of radioactivity in a particular sample. The calculation of

activity for a particular isotope can be described as follows:
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RadioactieAtoms(#) = Irr.Depth(cm) - Irr.Area(cmZ)- Fluenc{iz)-
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The irradiation depth refers to the total depth to which the proton penetrates into the
material. The fluence is the total number of protons to hit the target, while the irradiation
area describes the total area exposed and the atom density gives a measure of how many
atoms of a particular isotope exist within the volume of material that is exposed. The
cross section provides a probability that a reaction between the parent isotope and proton
will occur in order to produce new daughter isotope. All cross section data was obtained
using the database for Experimental Nuclear Reaction Data [141].

Isotopes shown in table A.1 are considered in the radioactivity calculations for 2,
3 and 3.2 MeV protons. These five parent isotopes, listed in the first column, represent
only a fraction of the naturally-occurring isotopes for Fe, Cr, Ni, Mn and Mo.
Consideration of the other isotopes is not necessary because the half-life of the daughter
isotope is very short (a few hours or less) or the daughter isotope is stable or the energy
threshold is too high for a (p*,n) reaction to occur. Be aware that dose calculations
assume a minimum elapsed time of 100 hours from irradiation. When considering
activity of less than 100 hours, the isotopes of Cu®* and Cu® should be considered
because they add considerable activity to the irradiated samples at short times. However,
with half-lives of 3.35 and 12.7 hours, respectively, they will no longer exist in
significant quantities after 100 hours from the irradiation and will therefore be ignored in
this analysis.

It should be noted that the reaction cross sections in table A.1 were evaluated at
the energy of the incoming proton. The cross section databases, however, showed a
decreasing reaction cross section with decreasing energy. So when evaluating the
reaction rate for a given volume based on the incoming ion energy and neglecting any
decrease in reaction rate as the ion loses energy, it would be safe to assume that these
calculations will over-estimate the amount of radioactivity produced.

By assuming an irradiation area of 0.2 cm? for each specimen, an average alloy

atomic mass of 56 g/mol, and a density of 7.89 g/cm?, the proton fluence for a 3 dpa
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irradiation can be calculated by the following equation, which is shown with the average
displacement rate for a 2-MeV irradiation:

7890 9 xg.022x1023 &
(;m3 mol

569
Fluence = mol *3dpa (A.2)

8.0x10-5 ISP «18 A
A -ion cm

Irradiation parameters at the relevant proton energies are shown in table A.2. All
displacement rates were calculated using the Stopping and Range of lons in Matter [93]
given a displacement energy average of 40 eV. The number of radioactive atoms for
each isotope in a specimen is calculated according to equation A.1 and shown in table
A.3. The calculation must account for the activation volume, including irradiation depth
and area, the atom fraction in the alloy and the fraction of that isotope that is naturally
occurring. Calculated values are shown for 2, 3, and 3.2 MeV irradiations.

The number of radioactive atoms is converted to activity using the equation,
A=AN (A.3)
where A is the decay constant for the isotope and N is the number of radioactive atoms.
In order to calculate the activity after a certain amount of elapsed time, Eq. (3) becomes,
A=JN*e# (A4)
where t is the amount of time that has elapsed since the irradiation. The decay constant
is given by 1 and t represents the elapsed time since irradiation. For the purpose of these
calculations, it is assumed that all activity was induced instantaneously rather than over
the course of an irradiation, which can itself take many hours. Activity calculations,
provided in pCi, are shown in table A.4 for all three proton energies. The activity is
calculated after a decay time of both 100 hours and 100 days.

There are two measurements against which these calculations can be
benchmarked. Irradiations have been performed for a standard 316SS at proton energies
of 3.2 MeV, and measurements of beta and gamma radiation have been taken. The first
benchmark is of gamma radiation, which is essentially equivalent to the total activity.
Measurements of samples irradiated to 3 dpa detected the isotopes Mn-54, Co-57 and Co-

58. The total initial activity was back-calculated to be about 2.5 uCi. Considering that a
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3.2 MeV irradiation after 100 hours was calculated to have 2.69 uCi, there is little
difference between calculated and measured, and the measured results provide an
accurate benchmark of the calculations shown here. The larger value for the calculation
reflects, as previously mentioned, the assumption that the cross section remains the same
at any energy. Of course, the reaction cross section decreases with decreasing energy and
ceases completely once the proton energy has dropped below the reaction energy
threshold.

In summary, 3.2 MeV irradiations will generate the most activity, in large part
because of the production of Co-58, which does not occur for the 2 or 3 MeV irradiations.
Irradiations at 2 MeV will produce much less activity because neither Mn-54 nor Co-58
is produced, the proton fluence is lower due to a higher displacement rate at 2 MeV, and
the total volume of material activated is less due to a shorter penetration depth of the
protons. Table A.5 gives an overview of the calculated activity for a standard 316SS
after a 3-dpa irradiation. These values represent an upper limit on the amount of activity
created from irradiation and, especially in the case of 3.2 MeV irradiations, almost

certainly overestimate the actual radioactivity.
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Table A.1 Production of relevant isotopes in the (p*,n) reaction

Reaction Cross Section (mb)

Izg[ggg Th(rz’snh)olEé“(*lr\%v) Daughter Half-life 2MeV 3MeV 3.2 MeV
Ni-61 2.49 Cu-61 3.35h N/A 9.5 15.5
Ni-64 2.52 Cu-64 12.7h N/A 13.9 27.3
Cr-53 1.39 Mn-53 3.7E6 Y 5 42 57
Cr-54 2.21 Mn-54 312.1d N/A 30 43
Mn-55 1.03 Fe-55 2.73y 4.5 60.5 62
Fe-57 1.65 Co-57 271.8d 0.9 12.4 33
Fe-58 3.15 Co-58 70.88 d N/A N/A 15.8
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Table A.2 Irradiation parameters in calculating activity

L . Proton

Irradiation Dlspl_acement Fluence

Depth (cm)  Rate (disp./Alion) (0*/emd)
2 MeV 2.1E-03 8.0E-05 3.18E+19
3 MeV 3.8E-03 5.6E-05 4.55E+19
3.2MeV  4.3E-03 5.3E-05 4.80E+19
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Table A.3 Production of radioactivity through the (p*,n) reaction after 3 dpa

Alloy Atom Isotope Radioactive Atoms per Sample

Parent Daughter Atom Density Isotope Density

Isotope Isotope Fraction (atoms/cm®) Fraction (atoms/cm®) 2 MeV 3 MeV 3.2 MeV
Ni-61  Cu-61 0.13 8.48E+22 0.011399 1.26E+20 0.00E+00 4.13E+10 8.04E+10
Ni-64  Cu-64 0.13 8.48E+22  0.009256 1.02E+20 0.00E+00 4.90E+10 1.15E+11
Cr-53  Mn-53 0.18 8.48E+22  0.09501 1.45E+21 9.68E+10 2.10E+12 3.41E+12
Cr-54 Mn-54 0.18 8.48E+22  0.02365 3.61E+20 0.00E+00 3.74E+11 6.41E+11
Mn-55  Fe-55 0.01 8.48E+22 1.0 8.48E+20 5.10E+10 1.77E+12 2.17E+12
Fe-57  Co-57 0.66 8.48E+22  0.02119 1.19E+21 143E+10 5.08E+11 1.62E+12
Fe-58  Co-58 0.66 8.48E+22  0.00282 1.58E+20 0.00E+00 0.00E+00 1.03E+11
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Table A.4 Post-irradiation radioactivity for 2, 3, and 3.2 MeV protons after 3 dpa

Isotope Half-life
Cu-61 3.35h
Cu-64 12.7h
Mn-53 3.7E6y
Mn-54 312.1d
Fe-55 273y
Co-57 271.8d
Co-58 70.88d

2 MeV

Activity (UCi)
3 MeV

3.2 MeV

100 hours
0.00E+00
0.00E+00
1.55E-08
0.00E+00
1.11E-02
1.13E-02
0.00E+00

100 days
0.00E+00
0.00E+00
1.55E-08
0.00E+00
1.03E-02
8.81E-03
0.00E+00

100 hours
6.62E-08
8.55E-02
3.38E-07
2.57E-01
3.84E-01
4.01E-01
0.00E+00

100 days

100 hours

0.00E+00 1.29E-07

2.60E-56
3.38E-07
2.08E-01
3.60E-01
3.14E-01
0.00E+00

2.01E-01
5.48E-07
4.41E-01
4.71E-01
1.28E+00
3.02E-01

100 days
0.00E+00
6.10E-56
5.48E-07
3.57E-01
4.41E-01
9.99E-01
1.18E-01

Total

2.23E-02

1.92E-02

1.13E+00

8.81E-01

2.69E+00

1.91E+00
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Table A.5 Summary of sample activity after 2, 3, and 3.2 MeV proton irradiation

Activity (UCi)
Decay Time 2MeV 3 MeV 3.2 MeV
t=100h 0.02 1.13 2.68

t=100d 0.02 0.88 1.91

367



APPENDIX B

LEAP SAMPLE FABRICATION

The following document outlines the steps take to fabricate specimens suitable for
analysis in the local electrode atom probe (LEAP) at Oak Ridge National Laboratory.
The procedure goes step by step through the preparation of a single specimen from an
irradiated TEM disc using a focused ion beam (FIB) employing the lift-out method. This
procedure does not necessarily describe the optimum steps that should be used, nor does
it a describe a process that always produced samples with a functional data set, where a
functional data set is one that contains at least 1 million data points (atoms). But some
specimens prepared according to the steps outlined here did yield useful data sets for
analysis. For some steps, recommendations are given as to how the sample preparation
could have been improved.

A FIB is a dual-beam electron microscope. The microscope couples an electron
source with a secondary electron detector. In addition, there is typically a Ga* beam that
is used for high-precision milling of the specimen for a wide variety of sample fabrication
and preparation technigues. In the images shown below, some pictures were taken using
the electron source while others used the Ga* beam for imaging. The primary drawback
from imaging with the Ga" source is that each scan of the beam introduces some damage
into the sample, so generally imaging must be limited and performed with as few scans as
possible. Figure B.1 shows the first steps at preparing an area for the creation of a
sample post. After performing the necessary microscope alignments and eucentric height
adjustments for the specimen, the sample stage was tilted to +52° in preparation for
milling work in the Ga* beam. In Figure B.1(a) a suitable area was selected in which

analysis would be performed. This could be any area which is featureless or,
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alternatively, contains a key feature for the desired analysis. In Figure B.1(b), a thin
layer of Pt was deposited on the specimen surface using a 15 um x 3 um pattern with a
layer depth of 1000 nm and a gun current of 0.3 nA.

Figure B.1(c) shows a saved pattern that was created specifically for this
technique. The purpose of the pattern was to cut the edges and underneath the sample on
3 sides. The current was changed to 7 nA for this cutting pattern because a great deal of
material must be milled away, and lower currents would take a prohibitively long time.
The end result was a sample post, with rough edges, particularly on the top edge of the
post as shown in Figure B.1(d).

At this point the sample stage was then tilted to —10° and a cutting pattern was
prepared with dimensions of 15 um x 750 nm with a depth of 7 um using a cutting
current of 7 nA. Figure B.1(e) shows the sample post after the cutting process. There are
two critical things that should be observed after this cutting process. First, the surface on
the top edge of the post should be smooth; this is an indication that the sample has been
cut from underneath — not cutting at too great a depth so as to miss cutting out the post,
and not starting too high so as to mill away the post. Second, the left edge of the post
should have a clear line signifying that the post is completely free on three sides, like a
cantilevered beam. Figure B.1(f) is the same view but zoomed out slightly to show the
post in its entirety, including the milling damage on the sides from the cutting process.

The sample stage was then rotated counterclockwise 90° and tilted to a 0°
position. A compucentric rotation of —90° is recommended as it keeps the post in
roughly the same position relative to visible space. This was the start of a time-
consuming process requiring patience. The Kleindieck probe was affixed with a tungsten
wire that had been electropolished to a sharp tip. This wire was rotated into position
directly above the sample post and slowly lowered onto the surface of the sample post.
During the rotation process, the scan rate time on the e” beam was lowered to 50 ns to
enable quick scanning to view the tungsten wire as it was rotated into the beam path of
the microscope. Once the tungsten wire was somewhat close to the sample stage, the
stage was tilted to 30°. It is important to note here that if the tungsten wire was too close
to the objective lens, the wire would hit the lens during the tilting process, which is

damaging to the lens and microscope in general. So the wire had to be lowered
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sufficiently that it wouldn’t hit the lens while at the same time preventing the wire tip
from hitting the stage, as this would have bent and destroyed the tungsten wire tip onto
which the sample post was going to be affixed.

Figure B.2(a) shows an image in the Ga* beam of the tungsten wire as it was
being lowered into position. The current was switched to 0.3 nA when viewing with the
Ga" beam now; otherwise, the tungsten wire was liable to be milled away during the final
process of lowering the wire onto the sample post, which could take considerable time.
Also, in re-centering the image during this process, the beam shifts were used rather than
moving the stage; otherwise, there was a risk of damaging the tip of the tungsten wire
probe. Figure B.2(b) shows the wire just after it had touched the surface of the sample
post. Note that the tip of the wire was resting on just a few um’s of the lower end of the
sample post. Notice also that the point of contact between the sample post and the
tungsten was signaled only by the faint shadow that appeared on the sample post on
either side of the wire. In effect, the wire was “shadowing” the sample post from Ga*
ions and therefore appeared a little darker. This step had to be done slowly and carefully
as lowering the wire too quickly would have caused a sudden impact on the wire and bent
the tip. If the tip were bent, it would have attached to the sample post at an improper
angle and made the final milling steps difficult. Moreover, the specimen tip would not
have been aligned properly relative to the local electrode in the LEAP, which means
analysis would likely fail.

A pattern for Pt deposition was then used to deposit Pt onto the tungsten wire and
sample post in order to bond them together. The outcome is shown in Figure B.2(c).
Typical patterns used had a width of 2.4 um and a height of 7.5 pm, although the height
could vary, with the purpose of depositing Pt from the base of the post to a height several
pm’s above the end of the tungsten wire. The depth was 3 um using a current of 0.3 nA.
In retrospect, more uniform Pt deposition layers might have been possible using a lower
current of, say, 0.1 nA. More uniform Pt layers would have provided a better bond
between the post and tungsten wire and made dissection of the post from the wire less
probable during the annular milling process.

The next step was to finish cutting out the sample post in order to release it from

the sample. A pattern of 5 um x 500 nm was commonly used, with a depth of 7 um. The
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cutting height had to be made large enough, e.g. > 500 nm, or else there was a risk of re-
depositing milled sample material back into the cutting area and preventing release of the
sample post. The final post had to be completely free from the sample, as shown in
Figure B.2(d). The sample was then raised slightly using the Kleindieck probe to ensure
it had been cut free. If successful, it would look similar to Figure B.2(e). Then the stage
was lowered back to the starting position before tilting to 0°.

After appropriately affixing the tungsten wire into a sample holder and reloading
into the FIB, the steps for tip preparation could begin. Figure B.3(a) shows the sample
post after reloading of the tungsten wire. The cross-section of the post was now visible in
the normal e beam. Notice the uneven layers of the Pt deposition layer, which might be
mitigated by a lower deposition current, as mentioned previously. After tilting to +52° in
the Ga™ beam, the post was again viewed edge-on. The beam current was set to 0.3 nA to
prevent excessive milling of the post surface while imaging. Figure B.3(b) shows the
post after a quick milling of the sharp edge. This milling step eliminated the edge which
would otherwise lie outside the large annular milling pattern to be performed in the next
step. This milling step was a box pattern of appropriate size, as shown in the figure, to a
depth of typically 3 pm.

Figure B.3(c) depicts the first annular milling process. A large annular milling
pattern was created, with an outside diameter that just fit over the edge of the post. An
inner diameter was set to 1 um; the inner hole was also positioned so that it rested
roughly in the middle of the sample post, away from the protective Pt layer on the top
surface of the post. Care was taken not to have the milling pattern overlapping too much
with the Pt layer that bonds the post to the tungsten wire. Sufficient milling would
destroy this bond and dissect the post from the wire. The large annular milling pattern
was performed to a depth of 750 nm — 1 um at a current of 0.3 nA. Annular milling was
always performed with an outer-to-inner milling direction.

Figure B.3(d) shows the next annular milling process, this time at a current of 0.1
nA. The outer milling diameter was 1.5 um with an inner diameter of 300 nm and a total
depth of 150 nm. In retrospect, it may have been better to perform both annular milling
steps at the lower beam current of 0.1 nA for two reasons. First, milling at this lower

current produces a better tip because the milling is done more slowly with greater
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precision, although the milling process is then going to take roughly 3 times longer. This
means the FIB must be stable without too much sample movement that would cause a
shift in the position of the tip and result in the tip being destroyed during milling. This
was always a danger. Second, when switching currents from 0.3 to 0.1 nA between the
annular mills, the image had to be refocused and the brightness and contrast readjusted,
which required several beam scans. Each beam scan damages the tip and introduces
additional Ga" that are implanted into the tip surface. The fewer the beam scans required,
the better, as it preserved a better tip for the second milling process. Also, as few beam
scans as possible were performed after the second annular milling process.

The final tip is shown in figure B.3(e), although it is barely visible in the image.
To better visualize the tip would have required refocusing and additional balancing of the
brightness and contrast, which would have damaged or destroyed the tip.

Returning to the e” beam, the tip can be imaged without damaging the tip. Figure
B.4(a) shows the sharp tip in the foreground, but notice the secondary peak directly
behind the primary peak. This was due to re-deposition of milled material during the
annular milling process, which failed to remove this secondary peak. At this point,
secondary tips had to be milled away one by one using box milling patterns that could
eliminate the secondary tips. This required additional imaging with the Ga* beam, and
that would inevitably damage the primary sample tip. Any extensive milling after
annular milling likely led to failed specimens in the LEAP.

The challenge in making these tips was to create an annular milling pattern with
sufficient outer diameter without destroying the Pt bond between the post and the
tungsten wire. In addition, the milling pattern had to mill with sufficient depth, again
without destroying the Pt bond and without removing too much of the post or damaging
the tip. Figure B.4(b) shows a close up of the sample tip, which is indeed a very sharp tip
suitable for LEAP analysis. Notice that at the end of the tip, the image become blurry
because the specimen is so thin that it produces a poorly defined secondary electron
image.

Figure B.4(c) shows a different specimen tip without any secondary peaks to

interfere with the analysis. Figure B.4(d) provides a close-up image of the tip, with a line
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measurement showing the thickness near the tip of the specimen. This sample is
adequate for producing valuable LEAP results.
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Figure B.1 (a) Selection of an area for Pt deposition to protect the sample during cutting;
(b) after deposition of Pt; (c) arrangement of a series of box cuts to drill out a sample
post; (d) after the first set of box cuts performed at +52°; (e) a second box cutting at -10°
undercuts the sample, leaving a cantilevered sample post; (f) a full view of the post under
a protective Pt layer, with surrounding ion beam drilling damage.
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Figure B.2 (a) The Kleindiek tungsten probe is maneuvered and placed on top of the
sample post; (b) a top-down view reveals a shadow on the post from the probe; (c)
deposition of Pt connects the post to the probe; (d) a final cut releases the sample from
the TEM foil; (e) and the probe plus sample post are removed and positioned for the next

step in the fabrication process.
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Figure B.3 (a) The sample attached to a tungsten wire is reloaded back into the FIB and
imaged in the e beam; (b) box mill of the post edge, with imaging in the Ga* beam; (c)
large annular milling pattern to establish the initial shape of the sample tip; (d) final
annular milling pattern to shape and define the final sample tip; and (e) an image of the
final specimen tip.
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Figure B.4 (a) an image of a primary and secondary tip after the final milling process,
imaged in the e” beam; (b) close up view of the primary peak; (c) image of a primary tip
without any secondary tips that might interfere with LEAP analysis; and (d) a close of the
final specimen tip showing the final tip diameter of less than 100 nm.
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APPENDIX C

MINIMUM DETECTABILITY LIMIT OF HF IN EDS

This appendix calculates the minimum detectable limit of Hf based on STEM-
EDS measurements. In the ideal case, minimum detectability would be determined by
using standards of Hf and some other measurable element in the oversized solute alloys
(such as Ni) to determine their intensity ratios on the same instrument used for the RIS
measurements. From the intensity ratio and the intensity of the other element in a RIS
profile, the minimum Hf signal required for detection could be calculated.

The standards to make these measurements were not available, however, so an
alternative method is used. First, an assumption is made that a Hf X-ray signal
measuring twice the background signal is required for detection. The Hf X-ray peak is
compared to a neighboring Ni X-ray peak to ignore changes in detector efficiency as a
function of energy. Then, knowing the Ni concentration, the measured Ni peak intensity
and minimum detectable Hf signal, and the estimated intensity ratios of two neighboring
X-ray energies for Ni and Hf, the concentration of Hf can be determined.

The fluorescence yield for X-rays from electron interactions is approximated by
the following equation [142]:

74

a+z*

where o is the fluorescence yield, Z is the atomic number and a is a constant with the

W= (C.1)

value of approximately 10° for K-shell electrons. From the Table of Isotopes [143],

fluorescence yields for the K-shell electrons for Ni and Hf are a)ﬁ” =0.406 and

ol =0.950.
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An EDS spectrum of measured intensity as a function of energy is given in figure
C.1 and shows the positions of the peaks for the Ni and Hf X-rays used in this analysis.

For Ni, KN =7.478 keV and K™ =7.461 keV while K ji = 8.265 keV. Meanwhile,

LHf =7.899 keV and LHf = 7.844 keV. Since the LHf + LH2 X-rays for Hf are close in

Ni
energy to the KB X-ray for Ni, changes in detector efficiency will be i ”,ji
K Hf
ratio for Ni = 0.17, and the Hf Hf ratio for Hf = 0.12 [143].
L, L
For (LH{ + Lgfz) to have the same signal as K J{ , we have the relationship:
Ni K Hf
N| al*X Hf* al *XHf C2
(2% t% = Wy Hf Hf at% ( . )
K,b’l (Lal + LaZ)

X Mo, =14.0 at% in the matrix. For K | the peak intensity measures 600 counts, of

which the background is 100 counts. The Hf X-ray peak intensity should double the
background intensity, for a total of 200 counts. The resulting signals above background
due to Ni and Hf are then 500 counts and 100 counts, respectively, for a Ni-to-Hf ratio of

0.2. This means that the detectable limit for (LH LHf ) peak intensity is 0.29 times the

peak intensity of K }}'1'
Determining the minimum detectable concentration of Hf is found by the

relationship:

Ni Ni ( Hf Hf)
K * Kal * Lal + La2
Hf

(C.3)
Hf
C()K Kﬂl K ul

Hf
Xatoo =0.20 % Xat%

The result is that XaHtEA) = 1.7 at% is the minimum detectable Hf concentration.
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Figure C.1 EDS spectrum for a grain boundary RIS measurement showing the Kg'l' X-

ray peak and the position of the L + LM X-ray peak.
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APPENDIX D

RADIATION-INDUCED SEGREGATION MEASUREMENTS

Ref-Zr, 400C, 3 dpa

Meas.  Pos. (hm) Fe Cr Ni Mn Si Zr Meas. Fe Cr Ni Mn Si Zr
1 0 7049 16.00 11.46 136 0.70 0 2 70.25 14.08 1392 1.08 0.68 0
15 70.32 16.32 11.38 1.35 0.63 0 7152 1429 1237 111 071 0
3 70.44 1626 11.39 1.37 0.53 0 70.09 1456 1349 109 0.77 0
45 70.69 16.56 10.78 143 0.54 0 69.80 1437 1397 110 0.75 0
6 71.03 16.34 11.07 1.06 0.50 0 69.45 1392 1457 139 0.67 0
7.5 7148 1569 1091 1.36 0.56 0 7031 1473 1306 118 0.72 0
9 7258 1437 11.56 0.87 0.62 0 71.05 1581 1143 100 0.71 0
10.5 7168 1523 11.36 1.05 0.67 0 7183 1528 1114 110 0.66 0
12 67.32 11.67 1884 081 1.37 0 7236 1393 1192 100 0.79 0
135 54.65 10.23 31.44 054 314 0 56.43 1020 2992 049 296 0
15 62.40 1146 23.61 0.46 2.08 0 5400 9.66 3297 037 299 0
16.5 73.04 1476 10.50 1.01 0.69 0 62.99 10.32 2400 059 210 0
18 72,79 1544 10.05 1.00 0.72 0 7411 1407 998 111 0.73 0
19.5 7128 16.08 10.94 1.02 0.68 0 7225 1527 1051 121 0O.77 0
21 70.35 16.74 10.93 124 0.73 0 7256 1580 998 0.98 0.69 0
225 69.89 16.40 11.95 1.04 0.72 0 7189 1591 1029 120 0.71 0
24 70.64 16.27 11.26 130 0.52 0 70.66 16.45 10.75 1.37 0.77 0
255 69.46 16.68 11.74 140 0.73 0 7099 16.60 1040 136 0.65 0
27 69.75 1576 12.18 1.64 0.67 0 70.89 16.28 1082 133 0.68 0
285 70.36 16.50 11.18 131 0.65 0 7101 16.22 1067 142 0.69 0
30 7012 16.40 11.26 156 0.65 0 69.94 1564 1223 124 0.96 0
3 0 70.25 14.08 13.92 1.08 0.68 0 4 68.47 1528 1406 125 0.94 0
15 7152 1429 1237 111 071 0 68.46 16.08 1349 112 0.84 0
3 70.09 1456 13.49 1.09 0.77 0 70.60 1594 1166 1.17 0.62 0
45 69.80 1437 13.97 110 0.75 0 70.27 1631 1139 139 0.63 0
6 69.45 1392 1457 139 0.67 0 69.95 16.43 1140 1.62 0.60 0
7.5 7031 1473 13.06 118 0.72 0 69.90 1643 1189 116 0.63 0
9 71.05 1581 11.43 1.00 0.71 0 70.02 1629 1175 128 0.65 0
10.5 7183 1528 11.14 1.10 0.66 0 7128 16.10 1093 115 0.3 0
12 7236 1393 11.92 1.00 0.79 0 7236 1458 1144 091 0.71 0
135 56.43 10.20 29.92 0.49 296 0 6453 1090 2190 0.87 1.80 0
15 54.00 9.66 32.97 037 299 0 56.10 10.60 30.06 0.46 2.79 0
16.5 62.99 10.32 24.00 059 210 0 63.57 1058 23.04 071 210 0
18 7411 1407 998 111 0.73 0 70.66 1336 1437 059 1.02 0
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Meas.  Pos. (hm) Fe Cr Ni Mn Si Zr Meas. Fe Cr Ni Mn Si Zr
19.5 7225 1527 10.51 121 0.77 0 7140 1403 1275 1.01 081 0
21 7256 1580  9.98 098 0.69 0 7120 15.03 12.00 1.02 0.74 0
225 7189 1591 10.29 120 0.71 0 71.07 1557 1156 1.05 0.76 0
24 70.66 16.45 10.75 137 0.77 0 71.08 1549 1175 0.95 0.73 0

3 255 70.99 16.60 10.40 1.36 0.65 0 4 70.77 16.01 1130 124 0.68 0
27 70.89 16.28 10.82 1.33 0.68 0 69.90 16.13 1210 124 0.63 0
285 71.01 16.22 10.67 142 0.69 0 70.84 1573 1140 132 0.71 0
30 69.94 1564 12.23 1.24 0.96 0 70.29 1550 1241 117 0.63 0

5 0 69.62 1590 12.43 1.37 0.67 0 6 69.83 16.00 1217 127 0.72 0
15 69.19 16.41 1231 135 0.73 0 70.22 1578 1204 135 0.1 0
3 69.22 16.21 1243 143 0.71 0 69.97 1594 1206 137 0.66 0
45 7050 16.16 11.53 1.18 0.63 0 70.05 16.31 1180 127 0.57 0
6 69.84 16.58 11.75 112 071 0 7144 1597 1061 134 0.63 0
7.5 7091 16.31 10.94 1.18 0.66 0 7139 1566 1124 111 061 0
9 69.89 16.44 11.54 150 0.63 0 7226 1382 1204 112 0.76 0
10.5 71.03 1564 11.34 131 0.68 0 70.78 13.68 13.88 0.77 0.90 0
12 72.94 1457 10.89 0.88 0.72 0 5877 9.81 2808 0.64 271 0
135 6145 10.32 25.02 0.69 252 0 5594 945 3061 0.73 3.27 0
15 60.86 10.50 25.49 054 261 0 7198 1211 1407 0.65 1.19 0
16.5 70.57 1277 1452 082 1.32 0 7195 1526 1114 0.93 0.73 0
18 7191 1546 10.61 111 091 0 7253 1453 1125 0.96 0.73 0
19.5 7174 1565 10.44 132 0.85 0 70.68 1535 1225 0.98 0.74 0
21 7159 1596 10.64 110 0.71 0 70.20 1529 1284 0.79 0.87 0
225 7169 15.69 10.62 122 0.78 0 68.85 14.27 1502 0.96 0.89 0
24 70.27 1591 1142 167 0.74 0 68.15 13.60 16.14 1.09 1.02 0
255 70.01 16.15 11.69 132 083 0 67.78 1411 16.06 1.05 0.99 0
27 70.25 16.16 11.61 123 0.74 0 68.75 1455 1460 111 1.00 0
285 69.68 16.06 12.09 135 081 0 69.81 1436 1368 1.28 0.87 0
30 69.45 16.40 12.20 116 0.79 0 70.38 1465 1288 131 0.79 0

7 0 69.17 1721 11.56 135 0.71 0 8 67.88 1485 1538 1.08 0.81 0
15 70.34 16.40 11.36 1.26 0.64 0 6851 1479 1478 113 0.79 0
3 70.28 16.01 11.70 1.33 0.68 0 69.38 15.01 13.88 1.09 0.65 0
45 70.90 1575 11.24 142 0.69 0 7011 1481 1316 121 0.72 0
6 70.14 16.43 11.65 1.19 0.59 0 69.63 15.86 1292 1.03 0.57 0
7.5 70.65 16.40 11.16 1.19 0.60 0 7125 1527 1161 118 0.69 0
9 7146 1582 10.98 1.09 0.64 0 7199 1489 1112 134 0.67 0
10.5 7056 1274 14.75 071 124 0 7169 1471 1172 118 0.70 0
12 71.89 13.09 13.03 097 1.01 0 7313 1441 1074 1.04 0.68 0
135 60.51 999 26.22 057 270 0 7049 1236 1533 0.71 112 0
15 5442  9.27 3240 0.43 347 0 6197 1111 2435 054 203 0
16.5 7146 1255 13.92 075 1.33 0 59.15 10.93 26.90 0.64 239 0
18 7329 1471 10.15 1.04 081 0 6471 1174 2104 069 1.82 0
19.5 72.62 15.03 10.46 1.14 0.76 0 7216 1251 1350 0.74 1.09 0
21 7173 1599 10.37 114 0.78 0 7203 1471 1152 092 0.82 0
225 73.01 1515  9.87 1.27 0.70 0 70.63 1517 1230 122 0.68 0
24 70.77 16.48 10.69 1.37 0.70 0 70.65 1523 1205 132 0.75 0
255 70.61 16.10 11.35 118 0.76 0 7024 1560 1249 0.94 0.73 0
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Meas.  Pos. (hm) Fe Cr Ni Mn Si Zr Meas. Fe Cr Ni Mn Si Zr
27 70.67 1581 11.27 149 0.77 0 70.25 16.03 11.75 128 0.68 0
285 70.38 16.06 11.49 127 0.80 0 69.80 17.17 1096 136 0.71 0
30 7017 1572 11.78 140 0.94 0 7013 16.37 1141 143 0.66 0

9 0 68.78 17.11 1181 1.71 0.59 0 10 68.54 16.86 1225 146 0.89 0
15 69.35 16.44 11.95 1.71 0.56 0 68.23 1722 1275 115 0.65 0
3 7059 16.82 10.68 1.28 0.63 0 69.29 16.47 1242 122 0.60 0
45 68.91 1697 1215 146 051 0 68.80 16.65 1249 147 0.58 0
6 7166 15.04 11.43 130 0.57 0 70.28 1694 1126 0.95 0.7 0
7.5 7168 1596 10.80 1.04 0.52 0 70.86 16.52 11.04 1.02 0.56 0
9 7280 1528 10.21 116 0.56 0 7310 1551 971 108 0.61 0
105 73.02 13.63 11.84 093 0.58 0 7396 1416 1029 0.81 0.78 0
12 70.77 1168 15.77 063 1.14 0 7297 10.89 1434 0.72 1.08 0
135 60.32 816 28.11 0.80 261 0 59.49 9.09 2822 0.63 256 0
15 56.30 7.80 32.39 0.68 2.83 0 5584 797 3233 0.85 3.01 0
16.5 73.06 1141 14.09 041 1.04 0 70.60 11.01 16.26 0.80 1.32 0
18 73.42 14.08 10.80 1.10 0.59 0 7428 1330 1054 112 0.76 0
195 7275 1479 10.62 120 0.64 0 7112 1359 1356 0.97 0.77 0
21 72.89 1444 10.87 130 051 0 69.31 12.69 1554 123 122 0
225 71.68 1454 11.89 126 0.64 0 66.43 1212 1937 077 131 0
24 7219 1466 11.05 143 0.66 0 65.13 11.83 2094 0.81 1.28 0
255 70.62 1541 1211 1.34 0.52 0 67.04 12.18 1860 0.94 1.24 0
27 70.09 1538 12.76 1.19 0.59 0 7057 1421 1312 131 0.79 0
285 69.99 14.85 13.25 1.35 0.56 0 7152 1528 11.07 1.09 1.04 0
30 70.66 16.07 11.08 143 0.76 0

11 0 67.37 1532 14.76 124 131 0 12 59.01 1359 2424 104 212 0
15 69.78 1491 1343 094 094 0 60.68 12.69 2344 097 222 0
3 69.96 1471 13.48 0.89 0.96 0 62.90 13.05 2141 0.98 1.66 0
45 70.54 1498 1231 139 0.78 0 66.64 1320 18.00 110 1.07 0
6 70.79 1629 11.13 1.23 0.56 0 70.74 13.63 13.80 115 0.69 0
7.5 7114 16.45 10.75 111 0.54 0 7119 1417 1270 119 0.5 0
9 7120 16.43 10.26 1.60 0.50 0 7099 1522 1158 129 0.92 0
105 7170 1594 10.71 1.04 0.60 0 7242 1484 1077 1.06 0.92 0
12 72.61 1531 10.37 1.00 0.71 0 7252 1501 10.72 0.92 0.84 0
135 7320 12,62 1235 085 0.98 0 68.25 11.01 1789 0.90 1.95 0
15 63.86 9.50 23.83 061 219 0 59.85 883 2738 0.82 3.12 0
16.5 51.99  7.77 3599 0.58 3.67 0 5369 775 3398 0.65 3.93 0
18 70.52 10.44 16.76 052 176 0 7354 1214 1169 093 1.69 0
19.5 75.64 1221 10.08 1.02 1.05 0 7477 1397 886 122 117 0
21 73.67 1470  9.89 0.75 0.99 0 7328 1487 975 098 112 0
225 73.34 1378 10.61 120 1.06 0 7155 1549 1064 141 091 0
24 7292 1500 9.79 110 1.20 0 7286 1465 1011 152 0.87 0
255 70.92 1544 1133 1.28 1.03 0 72.88 1490 1047 1.07 0.68 0
27 70.72 1525 1152 138 112 0 70.60 1475 1294 0.96 0.74 0
28.5 70.14 1553 1214 137 081 0 69.50 1550 1325 0.98 0.77 0
30 70.34 16.16 11.49 1.27 0.75 0 69.71 1495 1347 1.08 0.79 0
13 0 68.96 1470 1431 1.01 1.02 0 14 6953 1391 1447 114 0.95 0

383



Meas.  Pos. (hm) Fe Cr Ni Mn Si Zr Meas. Fe Cr Ni Mn Si Zr
15 68.66 1495 14.11 133 0.95 0 69.17 13.05 1588 0.93 0.97 0
3 69.67 1549 1290 121 0.74 0 6748 1334 16.89 119 1.09 0
45 69.10 15.99 1291 135 0.65 0 67.99 1518 1478 112 094 0
6 69.86 16.04 12.04 139 0.67 0 7021 1544 1231 132 0.72 0

13 7.5 7146 1545 11.00 140 0.70 0 14 70.88 1573 1141 138 0.59 0
9 7272 1522 10.49 1.00 0.58 0 7238 1490 1069 149 0.54 0
10.5 73.14 1352 11.75 082 0.76 0 7270 1436 1111 1.02 081 0
12 69.05 10.84 18.02 0.73 1.36 0 65.75 1232 1941 0.89 1.64 0
135 54.87 851 33.20 053 289 0 46.62 7.31 4096 0.67 4.44 0
15 63.47  9.63 24.27 0.64 1.99 0 65.10 9.33 2288 049 219 0
16.5 72.83 1242 13.00 0.80 0.94 0 7520 1176 1161 0.65 0.78 0
18 70.71 1430 13.20 081 0.98 0 7438 1431 958 116 0.57 0
19.5 69.90 14.18 13.94 089 1.08 0 7386 1494 958 1.07 0.56 0
21 69.48 13.62 14.84 083 1.23 0 73.09 1459 1055 115 0.63 0
225 7040 1352 13.65 130 113 0 7176 1543 1101 116 0.65 0
24 69.79 12,57 15.45 1.04 1.15 0 7135 1509 1161 125 0.70 0
25.5 68.56 11.84 17.36 0.72 152 0 7117 1472 1200 142 0.69 0
27 68.44 1185 17.43 1.00 1.29 0 7037 1485 1281 126 0.71 0
285 69.71 13.07 15.49 0.87 0.86 0 70.34 1423 1347 128 0.68 0
30 69.32 13.70 15.17 093 0.88 0

15 0 66.49 13.23 18.10 082 1.36 0
15 63.24 1235 21.49 115 177 0
3 63.90 13.34 20.04 1.05 1.67 0
45 67.86 14.13 16.05 0.78 1.19 0
6 71.03 1468 1250 114 0.64 0
7.5 7196 1476 11.37 134 057 0
9 7223 1560 10.56 1.09 0.3 0
10.5 73.28 1433 10.63 111 0.64 0
12 7153 1354 1317 0.90 0.86 0
135 58.84  8.78 28.89 0.67 282 0
15 4722  7.23 40.79 059 4.18 0
16.5 57.80 8.00 30.72 058 2.90 0
18 75.85 13.03 9.86 0.62 0.64 0
195 7476 13.98 10.03 0.71 053 0
21 7444 1386 10.07 1.09 0.3 0
225 72,76 1527 10.39 1.05 0.53 0
24 7171 1488 11.82 1.04 0.54 0
255 7121 15.01 11.99 125 0.54 0
27 70.67 1526 12.29 114 0.64 0
28.5 70.33 1480 13.12 119 055 0
30 70.03 1530 12.61 135 0.71 0

384



Ref-Zr, 400C, 7 dpa

Meas.  Pos. nm) Fe Cr Ni Mn Si Zr  Meas. Fe Cr Ni Mn Si Zr
1 0 69.56 16.04 12.39 1.08 093 0.00 2 68.50 15.68 1352 152 0.78 0.00
15 69.43 1531 13.06 147 0.73 0.00 68.75 1561 13.60 1.20 0.84 0.00
3 69.23 15.74 13.16 124 0.64 0.00 68.82 15.03 1399 127 0.89 0.00
45 68.25 1569 13.94 122 0.89 0.00 68.80 1550 1342 152 0.76 0.00
6 69.22 16.37 12.50 1.14 078 0.00 69.89 1533 1319 0.93 0.67 0.00
75 69.77 1570 12.80 1.10 0.63 0.00 69.17 16.25 1248 143 0.68 0.00
9 7030 1523 1241 1.30 0.76 0.00 70.83 16.23 1151 0.76 0.67 0.00
105 70.18 15.77 12.13 117 0.74 0.00 7182 1505 1131 1.02 0.79 0.00
12 69.95 16.26 11.96 123 0.61 0.00 71.00 1487 1219 113 0.82 0.00
135 7144 1423 1261 091 081 0.00 7099 13.11 1356 097 1.38 0.00
15 7128 1359 13.08 119 0.86 0.00 63.36 10.17 23.04 055 2.88 0.00
16.5 67.00 1254 17.86 0.79 181 0.00 56.01 9.08 30.16 048 4.27 0.00
18 55.13 9.07 31.04 0.55 421 0.00 7236 1443 1149 0.79 093 0.00
19.5 68.92 11.88 16.78 073 169 0.00 7177 1466 1162 121 0.74 0.00
21 7186 1373 12.74 071 0.97 0.00 70.64 1433 1299 123 0.81 0.00
22.5 7180 13.20 13.15 0.97 0.89 0.00 7135 1478 1195 1.13 0.80 0.00
24 71.15 1390 12.84 1.14 0.96 0.00 7141 1494 1200 095 0.69 0.00
25.5 71.05 1477 1242 1.04 0.71 0.00 7116 1472 1217 120 0.75 0.00
27 7050 1481 12.70 128 0.71 0.00 69.69 14.17 1395 129 0.90 0.00
28.5 69.14 1520 13.77 115 0.73 0.00 69.18 1446 1431 111 095 0.00
30 68.67 15.15 14.15 127 0.75 0.00 69.38 1458 1414 1.02 0.89 0.00
3 0 68.93 1651 12.67 122 066 0.00 4 6999 1512 1280 117 0.92 0.00
15 69.55 17.03 11.55 113 0.74 0.00 69.65 1550 12.86 1.17 0.82 0.00
3 70.03 1511 12.64 155 0.66 0.00 70.12 1540 1250 1.28 0.70 0.00
45 69.70 15.18 13.30 121 0.62 0.00 69.35 1546 1311 141 0.67 0.00
6 69.49 1521 13.39 1.09 082 0.00 69.32 15.06 1359 127 0.76 0.00
75 70.12 1535 1240 145 0.67 0.00 69.67 1565 1282 115 0.71 0.00
9 69.99 1554 1244 126 0.77 0.00 7050 1436 1315 1.09 0.90 0.00
10.5 71.95 1473 1148 1.14 0.70 0.00 70.70 1438 1278 131 0.83 0.00
12 72.84 1432 10.93 1.07 0.84 0.00 7032 15.08 1279 1.06 0.74 0.00
135 7182 1349 12.63 0.75 132 0.00 69.39 13.39 1487 1.06 129 0.00
15 64.38 11.00 21.40 0.71 250 0.00 63.25 11.11 2215 0.64 284 0.00
16.5 54.80 930 31.26 055 4.09 0.00 60.38 10.31 2548 0.62 3.22 0.00
18 71.90 1411 1239 0.65 094 0.00 62.06 1041 2411 048 294 0.00
19.5 71.62 1440 12.04 0.97 096 0.00 69.24 12.08 16.24 0.76 168 0.00
21 7120 1449 12.27 0.95 1.09 0.00 70.72 1358 13.68 0.83 1.18 0.00
225 71.01 1489 12.23 1.18 0.68 0.00 70.14 1402 1392 101 091 0.00
24 7043 1499 12.66 1.17 074 0.00 69.58 13.98 1436 120 0.89 0.00
25.5 69.51 1489 13.74 1.09 0.77 0.00 70.10 14.16 13.74 1.09 0.90 0.00
27 69.68 15.65 12.84 0.99 0.83 0.00 69.88 1455 1356 1.10 0.91 0.00
28.5 69.96 14.71 13.28 123 0.82 0.00 69.47 1425 1431 1.04 094 0.00
30 68.34 14.88 14.72 1.18 0.88 0.00 68.95 1440 1470 1.04 090 0.00
5 0 69.65 1496 13.27 1.30 0.82 0.00 6 69.69 1517 1321 122 0.71 0.00
15 69.63 14.84 13.61 111 081 0.00 69.94 1500 13.07 124 0.75 0.00
3 69.63 1494 13.37 129 076 0.00 69.13 14.88 14.00 113 0.86 0.00
4.5 69.65 14.76 13.50 132 0.76 0.00 69.51 14.65 13.85 1.08 0.91 0.00

385



Meas. Pos.nm) Fe Cr Ni Mn Si Zr Meas. Fe Cr Ni Mn  Si Zr
5 6 69.92 1474 13.39 128 067 0.00 6 70.05 1471 1336 1.05 0.83 0.00
75 69.56 1526 13.06 142 070 0.00 70.69 1476 1259 117 0.78 0.00
9 69.88 1465 1351 113 082 0.00 71.09 1448 1246 131 0.66 0.00
10.5 70.89 1427 1275 126 0.83 0.00 71.07 1512 1195 1.03 0.83 0.00
12 70.55 1448 12.84 127 085 0.00 68.46 1343 1578 0.76 157 0.00
135 71.28 1374 12.87 096 115 0.00 67.72 1291 1653 0.93 190 0.00
15 67.90 1249 17.12 075 174 0.00 62.13 11.22 2347 0.70 248 0.00
16.5 6139 1043 2454 0.64 299 0.00 65.76 11.85 1952 0.83 2.04 0.00
18 70.18 1250 1531 0.68 1.32 0.00 68.95 12.74 1599 0.86 146 0.00
19.5 7138 1387 12.84 095 0.96 0.00 72.01 1362 1262 0.81 0.93 0.00
21 7153 1417 12.39 096 0.95 0.00 7115 1473 1228 1.07 0.77 0.00
225 7114 1388 13.17 096 0.85 0.00 7143 1454 1238 1.07 0.58 0.00
24 70.11 1435 1355 126 072 0.00 71.05 1496 1221 1.08 0.71 0.00
25.5 70.35 1480 13.13 098 0.74 0.00 69.91 1497 1312 127 0.73 0.00
27 70.22 1469 13.17 1.20 072 0.00 70.07 1525 1283 116 0.69 0.00
28.5 69.14 1523 13.62 124 078 0.00 70.30 15.09 1272 122 0.67 0.00
30 69.23 1535 13.46 119 076 0.00 70.02 1587 1206 1.29 0.77 0.00
7 0 69.69 1517 1321 122 071 0.00
15 69.94 15.00 13.07 124 075 0.00
3 69.13 14.88 14.00 113 0.86 0.00
45 69.51 1465 13.85 1.08 091 0.00
6 70.05 1471 13.36 1.05 0.83 0.00
7.5 70.69 1476 12.59 117 0.78 0.00
9 71.09 1448 12.46 131 066 0.00
10.5 71.07 1512 11.95 1.03 0.83 0.00
12 68.46 1343 15.78 0.76 157 0.00
135 67.72 1291 16.53 093 190 0.00
15 62.13 1122 2347 0.70 248 0.00
16.5 65.76 11.85 19.52 0.83 2.04 0.00
18 68.95 12.74 15.99 0.86 146 0.00
19.5 7201 1362 12.62 0.81 0.93 0.00
21 7115 1473 12.28 1.07 077 0.00
225 7143 1454 1238 1.07 058 0.00
24 71.05 1496 1221 1.08 071 0.00
255 69.91 1497 13.12 1.27 073 0.00
27 70.07 1525 12.83 116 0.69 0.00
285 70.30 15.09 12.72 122 067 0.00
30 70.02 1587 12.06 129 077 0.00

386



LoZr, 400C, 3 dpa

Meas. Pos. (nm) Fe Cr Ni Mn Si Zr  Meas. Fe Cr Ni Mn Si Zr
1 0 67.80 16.06 12.64 1.66 180 0.04 2 68.00 16.02 1272 144 160 0.23
15 67.62 15.72 12.57 2.18 161 0.30 67.78 1574 1274 162 191 0.21
3 67.86 15.96 12.78 1.79 1.63 -0.02 67.56 1537 1312 192 192 0.11
4.5 67.43 16.65 12.75 1.62 153 0.02 67.64 1556 1334 178 173 -0.04
6 66.63 17.01 12.40 2.24 1.72 0.00 67.29 1577 1359 158 1.79 -0.02
7.5 67.52 16.17 12.77 217 1.46 -0.09 6755 16.07 1275 197 161 0.05
9 67.25 17.03 12.04 1.98 1.78 -0.06 67.28 16.69 1273 170 176 -0.17
10.5 68.73 15.18 11.78 241 181 0.10 67.38 16.63 12.01 224 164 0.10
12 67.23 14.37 14.77 1.34 198 0.31 67.33 1656 1239 216 155 0.01
135 66.57 13.39 16.00 1.34 2,60 0.10 68.23 1514 1294 185 183 0.01
15 67.09 14.05 15.09 161 2.02 0.14 67.43 1347 1512 139 230 0.29
16.5 67.74 15.74 12.79 2.12 145 0.17 66.58 1354 1570 171 234 0.13
18 68.14 1614 1199 242 122 0.08 67.89 1459 1422 143 182 0.06
195 69.10 15.33 11.77 1.84 163 0.33 68.38 15.09 1275 199 165 0.14
21 6726 1637 13.09 189 129 0.09 6736 1640 1264 217 132 011
22.5 66.95 16.42 13.15 1.64 145 0.39 67.54 1594 1279 216 145 0.12
24 67.69 1616 1281 191 141 0.02 68.09 1582 1263 189 139 0.19
25.5 67.15 15.16 13.59 2.08 171 0.32 67.58 1582 1297 217 129 0.18
27 67.38 15.59 13.09 2.03 177 013 67.24 16.10 13.18 187 139 0.22
28.5 68.25 14.99 13.18 1.80 167 0.11 68.01 1585 1244 215 140 0.14
30 67.76 15.65 12.77 2.29 153 0.00 6754 16.02 13.04 194 139 0.07
3 0 67.39 15.57 13.02 191 190 0.20 4 68.42 1563 1227 172 174 0.21
15 68.02 1504 1313 191 185 0.05 68.25 1544 1237 2.04 180 0.10
3 67.12 16.01 13.27 1.63 196 0.02 67.88 1514 1324 192 174 0.08
45 6746 1582 1289 168 193 0.22 6731 1581 1320 186 175 0.06
6 67.83 15.32 12.91 2.20 160 0.14 67.88 16.10 1255 166 1.76 0.06
75 6757 1589 1276 199 166 0.14 6754 16.06 1278 198 165 -0.02
9 66.90 16.01 13.23 1.99 175 0.12 67.11 16.27 1262 213 180 0.07
10.5 66.51 16.31 13.23 217 1.68 0.10 67.89 16.25 1192 222 157 0.14
12 67.71 16.07 12.38 212 154 0.19 67.27 1619 1237 232 160 0.25
135 68.39 16.17 12.17 1.79 136 0.13 67.64 16.01 1241 202 168 0.24
15 68.12 15.62 12.26 212 1.78 0.09 66.59 14.06 1466 191 248 0.29
16.5 67.54 14.89 13.46 1.78 202 0.32 66.62 1344 1539 169 272 0.13
18 67.11 13.39 15.43 1.60 236 0.12 66.63 14.69 1490 128 220 0.29
195 66.91 14.39 14.61 1.98 194 0.17 67.47 1509 1354 170 196 0.24
21 68.02 15.34 13.10 1.58 1.89 0.06 68.13 16.14 1245 174 141 0.13
225 68.24 15.55 12.88 1.98 142 -0.07 67.83 1592 1258 209 145 0.13
24 67.25 16.13 12.82 2.05 160 0.14 67.11 16.68 1271 174 151 0.24
255 67.69 15.88 12.74 2.10 147 0.13 66.72 16.22 13.08 2.08 159 031
27 67.83 1608 1244 208 1.48 0.09 6730 1562 1349 167 173 0.19
28.5 68.01 15.70 12.75 157 167 0.30 66.74 1596 1339 220 1.65 0.05
30 67.93 15.86 12.82 2.02 1.29 0.07 6799 1554 1278 174 171 0.23
5 0 67.76 14.69 13.53 213 1.80 0.09 67.10 1559 1319 214 187 0.11
15 67.55 15.46 13.33 1.78 178 0.10 67.31 1498 1383 210 162 0.16
3 67.66 15.56 13.34 1.86 162 -0.04 67.21 1571 1297 213 187 0.10
45 68.09 1590 12,67 164 166 0.04 6729 1582 1307 177 197 0.09

387



Meas. Pos. (nm) Fe Cr Ni Mn Si Zr  Meas. Fe Cr Ni Mn Si Zr
5 6 68.33 1524 1275 199 168 0.01 6 66.70 16.00 1319 214 177 0.19
75 67.75 1558 1280 194 182 0.11 6765 1629 1252 188 157 0.08
9 66.64 16.13 1329 224 157 0.13 67.61 1593 1248 2.06 170 0.22
10.5 6737 1640 1232 210 168 0.13 6734 16.10 1246 2.03 192 0.14
12 68.28 1610 1199 181 159 0.23 67.37 1533 1333 180 1.95 0.22
135 68.40 1496 1287 171 181 025 66.14 1387 1526 161 284 0.28
15 66.93 1461 1479 158 2.04 0.06 66.64 1425 1520 1.38 233 0.20
16.5 66.73 1381 15.03 184 243 017 6798 1562 1234 199 192 0.15
18 67.85 1448 1426 1.09 192 0.40 6753 16.19 1218 195 204 0.11
195 67.69 1550 1318 179 169 0.16 67.05 1635 1274 201 197 -0.12
21 6771 1612 1222 231 143 022 6730 1590 1295 181 204 0.01
225 6711 1650 12.64 206 142 027 6748 1610 1289 170 184 -0.01
24 6738 1670 1259 176 121 0.35 66.61 16.00 1341 165 230 0.02
255 67.36 16.07 1278 204 139 0.36 67.17 16.08 1297 191 199 -0.11
27 6723 1570 1297 2.06 193 0.10
285 67.67 16.03 1270 2.00 1.66 -0.05
30 6748 1581 1295 183 1.86 0.07
7 0 68.20 1541 1295 162 171 0.11 8 67.64 1568 1278 199 165 0.26
15 67.85 1563 1253 201 176 022 6765 1573 1296 174 170 0.21
3 66.63 1635 1326 192 178 0.05 66.65 1581 1352 184 179 0.38
45 6761 1599 1280 197 164 -0.01 66.85 1578 1362 199 179 -0.02
6 6751 1605 1260 208 166 0.10 6760 1566 1275 198 1.88 0.13
75 6738 1629 1282 174 165 0.11 66.71 15.88 1343 194 191 0.13
9 6747 1609 1274 190 173 0.08 67.82 1564 1274 205 172 0.04
10.5 6779 1641 1215 192 158 0.16 67.17 1631 1229 230 175 0.18
12 68.00 1564 1252 213 165 0.07 68.32 1549 1246 171 182 0.20
135 6716 1535 1352 194 187 0.15 67.08 1487 1391 169 211 034
15 66.87 13.68 1525 166 241 0.13 66.22 1411 1532 146 255 0.33
16.5 65.89 1443 1513 150 2,67 0.36 6752 1527 1343 168 193 0.17
18 67.05 1557 1325 161 234 0.8 68.19 16.08 1237 158 1.92 -0.15
19.5 68.04 1550 1225 214 197 011 6739 1654 1253 183 178 -0.06
21 6725 1653 1267 183 190 -0.18 66.51 1648 1323 198 1.86 -0.07
225 67.03 1608 1293 171 209 0.17 6720 1565 1311 215 200 -0.11
24 67.14 1584 1320 169 196 0.17 66.60 1570 1329 215 2.09 0.19
255 67.01 1543 1311 203 222 019 68.18 14.76 1290 216 1.89 0.10
27 67.14 1548 1357 173 2.04 0.04 6750 1541 1301 177 216 0.15
285 6756 16.07 1264 192 187 -0.05 67.10 1539 1323 193 222 0.13
30 67.01 1666 1277 192 188 -0.24 66.92 1578 1333 2.05 202 -0.11
9 0 67.66 1536 1337 159 185 0.17 10 68.07 1560 1269 1.83 1.80 0.01
15 6759 1565 1289 198 178 0.11 68.33 1574 1219 2.00 1.60 0.13
3 67.63 1605 1296 152 165 0.18 68.03 1547 1282 176 173 0.19
45 67.09 16.08 1296 215 144 0.28 67.78 15.68 1264 220 151 0.18
6 67.68 1565 1273 229 158 0.07 67.38 1634 1268 178 158 0.24
7.5 68.22 1592 1223 182 135 0.46 67.02 1585 13.08 196 1.97 0.12
9 68.36 1565 1231 191 146 031 67.02 16.70 1262 164 178 0.24
10.5 6739 1414 1483 136 196 0.27 6755 16.69 1201 190 1.65 0.19
12 6737 1345 1529 135 244 011 6777 1533 1311 185 179 0.15

388



Meas. Pos. (nm) Fe Cr Ni Mn Si Zr  Meas. Fe Cr Ni Mn Si Zr
9 135 65.57 1464 1581 138 238 0.22 10 65.69 1428 1543 135 284 041
15 66.89 1592 1350 159 2.04 0.07 66.91 1529 1397 165 219 -0.01
16.5 6729 16.05 1283 188 165 0.29 67.16 1630 1279 1.60 1.92 0.24
18 67.26 1658 1234 183 2.02 -0.02 67.78 1596 1245 198 1.83 0.00
19.5 67.13 1643 1256 199 187 0.01 66.99 16.12 13.07 2.03 195 -0.16
21 68.07 1594 12,03 212 181 0.03 6779 1573 1265 193 191 -0.01
225 67.04 1654 1264 186 181 0.12 6752 1591 1277 192 194 -0.07
24 67.77 1538 1288 210 186 0.00 6732 1530 1357 211 181 -0.11
255 66.96 1496 1356 240 217 -0.04 68.06 15.12 13.09 168 2.07 -0.01
27 67.00 1564 1343 158 2.08 0.27 6790 1531 1291 188 199 0.00
28.5 66.51 1637 1314 199 2.00 -0.02 6771 1545 1304 189 191 0.00
30 6711 1565 1354 181 194 -0.05 6791 1493 1278 211 210 0.17
11 0 68.75 1509 1284 191 141 0.02 12 67.30 1583 1292 212 1.67 0.15
15 67.73 1611 1258 202 143 013 6743 1552 1334 179 199 -0.08
3 68.47 1565 1228 200 132 0.27 67.75 1579 1281 198 1.74 -0.08
45 67.34 1547 1354 236 122 0.07 6753 1570 1289 175 192 0.21
6 67.66 1632 1270 178 135 0.19 67.76 1564 1295 1.88 1.67 0.10
75 67.60 1563 1255 224 162 0.36 6773 1629 1266 191 131 0.10
9 68.05 1424 1350 220 174 027 68.17 16.14 1168 210 1.80 0.12
10.5 66.59 1387 1494 171 241 049 68.73 16.08 1146 189 189 -0.05
12 66.04 1388 1555 166 2.60 0.27 6761 1437 1367 196 201 0.39
135 66.19 1451 1451 205 248 0.26 66.38 1410 1510 157 247 037
15 66.93 1534 1352 194 216 0.12 66.24 1445 1489 173 241 027
16.5 66.41 1677 13,02 172 198 0.10 6710 1562 1316 2.03 192 0.16
18 66.93 1576 13.04 212 2.09 0.05 6750 1623 1231 185 1.89 0.22
195 66.38 16.07 1310 237 2.09 -0.02 6754 1563 1256 226 1.99 0.01
21 6726 1635 1246 178 199 0.17 67.02 16.81 1217 180 2.07 0.13
225 67.04 1582 1290 214 2.01 0.09 67.40 16.99 1196 174 178 0.12
24 6778 1579 1265 178 2.03 -0.03 67.18 1593 1282 197 199 0.11
255 67.17 1662 1290 176 161 -0.05 67.32 1542 1344 219 170 -0.08
27 6739 1627 1325 153 191 -0.35 67.48 1587 1282 187 191 0.05
285 67.08 1547 1359 173 213 0.00 6754 16.02 1267 168 1.95 0.14
30 6730 1501 1336 215 223 -0.04 67.09 1584 1311 211 186 -0.01
13 0 6735 1587 1315 177 164 022 14 67.73 1564 13.08 192 142 021
15 67.68 1565 1286 197 150 0.34 66.84 1629 1315 186 153 0.33
3 68.11 1501 1298 205 145 041 65.84 16.62 1354 212 168 0.21
45 68.11 1562 1260 217 135 0.15 6796 15.66 1269 216 141 0.12
6 66.67 16.37 1327 228 133 0.09 67.67 1635 1206 193 166 0.33
75 67.86 1611 1230 2.00 141 032 6719 16.15 1263 216 161 0.25
9 67.41 15.06 1358 213 187 -0.05 6760 1566 1298 180 1.66 0.29
10.5 66.70 1404 1498 177 222 029 66.54 14.08 1490 179 231 0.38
12 66.58 13.74 1557 154 257 0.01 66.07 13.82 16.22 123 256 0.10
135 66.76 1454 1453 178 218 021 6741 1451 1430 139 224 0.14
15 6781 1628 12.01 173 217 0.01 6758 1554 1249 248 1.92 0.00
16.5 6758 1622 1243 193 185 -0.01 6747 1632 1217 193 191 0.20
18 6756 16.21 1240 213 183 -0.13 66.66 16.26 1234 259 1.95 0.20
19.5 67.83 1589 1248 197 181 0.02 66.96 16.62 1257 1.82 211 -0.09

389



Meas. Pos. (nm) Fe Cr Ni Mn Si Zr Fe Cr Ni Mn Si Zr
21 6759 1675 1193 198 191 -0.16 66.70 16.27 1298 198 190 0.17
225 68.35 1544 12118 2.05 2.00 -0.02 66.00 16.37 1358 234 189 -0.18
24 66.74 16.26 1318 171 215 -0.05 68.20 1593 1277 170 174 -0.33
255 6751 1541 1290 213 2.09 -0.03 66.77 1644 1266 187 216 0.10
27 68.38 1491 1300 183 211 -0.23 68.13 1537 1247 210 200 -0.07
28.5 67.64 1508 1310 2.08 2.02 0.08 6799 1583 1227 215 180 -0.05
30 68.37 1496 1264 207 210 -0.14 67.18 1578 1286 216 212 -0.11

15 0 68.31 1564 1299 173 121 012
15 6784 1596 1263 176 152 0.28
3 6769 1589 1282 199 130 0.32
45 66.99 1603 1318 199 155 0.26
6 66.99 1610 1341 217 130 0.03
7.5 66.59 1644 1274 209 188 0.26
9 68.25 1612 1175 210 155 024
10.5 68.61 1566 11.84 207 148 0.33
12 68.40 1528 1274 184 171 0.03
135 6737 1429 1432 167 214 021
15 66.46 1345 1591 124 270 025
16.5 65.96 1458 1500 165 255 0.25
18 68.29 1549 1222 201 2.02 -0.03
19.5 66.99 1597 1294 231 171 0.09
21 66.86 1585 1323 229 185 -0.07
225 67.82 1593 1235 209 181 0.01
24 6790 1582 1254 174 191 011
255 67.03 1574 1331 198 183 0.11
27 67.12 1585 1324 184 199 -0.04
285 68.16 1537 1286 176 194 -0.10
30 67.83 1601 1262 126 215 0.13

390



LoZr, 400C, 7 dpa

Meas.  Pos. (nm) Fe Cr Ni Mn Si Zr Meas. Fe Cr Ni Mn Si zr
1 0 68.22 1555 1425 110 0.70 0.18 2 70.37 1571 1170 1.36 0.67 0.19
15 66.49 1477 1693 0.89 0.73 0.18 70.24 1623 1099 169 0.66 0.18
3 65.37 1356 19.17 0.98 0.77 0.5 70.15 16.85 10.67 154 0.62 0.18
4.5 69.45 14.47 1403 120 0.65 0.20 69.60 1468 1355 1.31 0.70 0.17
6 7187 1350 1276 1.01 0.66 0.20 68.58 13.73 1565 1.09 0.78 0.16
75 7291 1512 1033 1.02 049 0.13 7096 1357 1314 130 082 0.21
9 7049 1615 1131 131 056 0.17 70.71 1539 1134 175 059 0.21
10.5 70.09 16.11 1159 147 054 0.20 7228 1620 953 1.17 0.62 0.21
12 69.73 1466 1394 090 0.60 0.18 7243 1239 1331 0.73 0.96 0.19
135 7395 1396 1020 1.08 0.62 0.20 64.22 1030 2299 057 1.64 0.28
15 60.44 813 2861 0.69 189 0.24 65.11 1248 1952 1.13 150 0.26
16.5 5775 726 3202 076 2.00 0.21 70.23 1559 1185 1.01 114 0.18
18 70.24 1377 1378 123 085 0.14 69.33 1539 1272 137 101 0.18
19.5 7213 1446 1114 144 067 0.16 6798 16.68 1276 145 0097 0.17
21 6799 1660 1288 169 0.68 0.15 7043 1577 1160 114 087 0.19
225 7179 1654 9.28 145 078 0.15 7154 1505 1099 148 0.74 0.20
24 69.60 17.90 1059 113 059 0.20 70.15 1536 1184 164 0.84 0.18
255 67.20 1855 1210 117 0.83 0.15 69.62 1513 1271 164 0.69 0.20
27 69.44 1505 1313 144 0.76 0.18 70.25 1548 1188 159 0.64 0.16
28.5 70.25 1691 11.00 1.00 0.67 0.18 69.01 1579 13.02 1.37 0.63 0.19
30 70.58 16.10 1154 091 0.70 0.17 69.86 16.29 1188 1.01 0.79 0.16
3 0 6489 1468 1778 152 092 0.20 4 6489 1468 1778 152 092 0.20
15 66.36 14.11 1739 116 0.80 0.19 66.36 14.11 1739 1.16 0.80 0.19
3 66.06 16.15 1550 132 081 0.17 66.06 16.15 1550 1.32 0.81 0.17
45 67.82 16.28 1356 139 0.75 0.20 67.82 16.28 1356 1.39 0.75 0.20
6 69.54 16.46 11.73 139 0.69 0.19 69.54 16.46 11.73 139 0.69 0.19
75 70.60 1652 1028 1.70 0.67 0.23 7060 16.52 1028 170 0.67 0.23
9 7144 16.63 9.62 149 064 0.19 7144 1663 9.62 149 064 0.19
10.5 7351 1436 1028 1.07 059 0.20 7351 1436 1028 107 059 0.20
12 6765 1058 1971 046 136 0.24 6765 1058 19.71 046 136 0.24
135 62.10 9.87 2557 031 185 0.30 62.10 9.87 2557 031 185 0.30
15 70.00 1436 1376 0.79 091 0.19 70.00 1436 1376 0.79 0.91 0.19
16.5 70.34 1537 1192 150 0.68 0.18 70.34 1537 1192 150 0.68 0.18
18 68.14 17.03 12.01 180 0.82 0.9 68.14 17.03 1201 1.80 0.82 0.19
19.5 69.75 16.46 1125 148 084 0.22 69.75 16.46 1125 148 084 0.22
21 69.65 1696 1134 114 0.73 0.18 69.65 1696 11.34 114 0.73 0.8
225 69.59 17.02 1126 122 074 0.17 69.59 17.02 1126 122 074 0.17
24 7022 1636 1121 128 0.77 0.17 7022 1636 1121 128 0.77 0.17
255 70.78 1587 1095 150 0.70 0.20 70.78 1587 1095 150 0.70 0.20
27 70.87 1579 1098 145 0.70 0.21 70.87 1579 1098 145 0.70 0.21
28.5 69.69 1530 13.04 093 0.84 0.19 69.69 1530 13.04 093 0.84 0.19
30 69.00 14.01 1468 112 1.00 0.19 69.00 14.01 1468 1.12 1.00 0.19
5 0 69.13 1656 1235 110 0.61 0.24 68.34 1545 1343 166 092 0.20
15 70.17 1529 1230 134 0.72 0.18 67.19 1368 16.65 1.37 0.96 0.16
3 68.35 13.77 1576 110 0.84 0.18 6785 1553 1391 161 089 0.21
45 66.53 1429 16.89 125 0.87 0.18 68.88 1543 13.06 1.61 0.81 0.21
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Meas.  Pos. (nm) Fe Cr Ni Mn Si Zr Fe Cr Ni Mn Si Zr
5 6 69.02 13.03 1540 157 077 021 68.74 1519 1373 140 0.71 0.23
75 70.68 15.05 1217 123 068 0.19 69.35 1574 1210 1.76 0.86 0.18
9 7117 1505 1155 139 065 0.20 7015 1528 1231 133 0.74 0.20
10.5 7156 1526 1152 0.72 0.71 0.24 7321 1405 1049 130 0.72 0.22
12 66.89 12.00 1892 053 143 0.22 62.03 893 2593 084 201 0.26
135 63.36 937 2490 057 164 0.17 66.63 10.01 2090 0.80 142 0.23
15 7124 1333 1358 081 084 021 69.62 1219 1621 100 0.81 0.18
16.5 69.17 1641 1222 113 088 0.20 69.88 16.79 1099 132 0.83 0.20
18 70.68 16.44 1054 146 069 0.18 7024 1483 1266 137 0.71 0.20
19.5 7051 16.86 1041 143 059 021 68.74 1430 1494 110 0.71 0.22
21 67.67 17.07 1270 170 067 0.19 69.00 1390 1515 114 062 0.19
225 69.63 16,57 1137 162 0.64 0.16 7216 1470 1163 064 0.69 0.17
24 70.74 1560 1110 170 0.65 0.20 73.46 1244 1220 124 047 0.18
255 7059 1565 1176 123 060 0.17 7135 1417 1209 144 0.74 0.23
27 7144 1481 1169 118 070 0.18 7179 1534 1125 0.83 0.63 0.16
28.5 7213 1444 1137 096 092 0.18 7317 1230 1234 108 0.83 0.27
30 69.17 1552 1282 140 090 0.19 7220 13.07 1283 092 0.73 024
7 0 66.30 14.03 1732 124 086 0.25
15 68.15 1454 1510 114 085 0.22
3 70.36 1282 1415 156 090 0.22
45 68.12 1456 1495 116 097 0.23
6 6840 1416 1525 1.09 079 0.30
75 68.57 16.82 1257 108 073 0.22
9 69.21 16.68 1220 091 078 0.22
10.5 72.88 12.07 1278 104 104 0.20
12 62.43 821 2660 059 195 0.22
135 68.94 1047 1856 0.68 115 0.20
15 7218 13.02 1283 090 085 0.22
16.5 7025 15.04 1247 126 077 022
18 7021 1483 1278 135 065 0.18
19.5 7249 1368 12,02 100 060 0.21
21 7125 1496 1196 1.02 061 0.20
225 73.05 1489 10.09 1.08 070 0.18
24 73.07 1310 12,03 0.72 085 0.23
255 70.10 1490 1277 112 0.88 0.23
27 7251 1292 1271 079 0.80 0.26
285 68.83 1577 1279 143 090 0.28
30 6846 1520 1383 139 091 021
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LoZr, 400C, 10 dpa

Meas.  Pos. (nm) Fe Cr Ni Mn Si Zr Meas. Fe Cr Ni Mn Si Zr
1 0 69.05 16.20 1186 1.27 0.23 1.39 2 69.05 162 1186 1271 0.233 1.385
15 69.64 16.01 1107 171 025 1.32 69.64 16.01 11.07 1706 0.254 1.32
3 68.08 16.45 1225 142 032 149 68.08 16.45 1225 1419 0315 149
4.5 70.12 1452 1209 165 025 1.37 70.12 1452 1209 1649 0246 1374
6 66.67 13.84 1629 0.88 030 2.2 66.67 13.84 16.29 0.879 0.304 2.015
7.5 68.01 1526 1394 116 036 1.27 68.01 1526 1394 1.164 0.359 1.269
9 6752 1246 16.17 105 041 239 67.52 1246 16.17 1.048 0.408 2.391
10.5 62.81 10.18 2271 111 034 284 62.81 10.18 2271 1114 0.339 2843
12 66.13 11.00 1957 096 031 2.02 66.13 11 1957 0958 0.315 2.024
135 68.50 14.09 14.02 140 0.38 1.60 68.5 14.09 14.02 1.402 0.381 1.596
15 69.45 1323 1426 139 026 141 69.45 1323 1426 1392 0.255 1.409
16.5 68.84 1501 1241 159 036 1.79 68.84 1501 1241 1591 0359 1.793
18 68.81 1565 1228 138 035 154 68.81 1565 1228 1377 0351 1536
19.5 69.75 1504 1190 162 0.28 141 69.75 15.04 119 1625 0277 1411
21 68.16 1586 1284 1.72 029 1.12 68.16 15.86 12.84 1723 0.292 1.123
225 68.76 1545 1240 146 037 155 68.76 1545 124 1461 0373 1553
24 68.01 1556 13.18 150 0.29 1.46 68.01 1556 13.18 1503 0.289 1.457
25.5 68.78 1535 1277 159 035 1.16 68.78 1535 1277 159 0354 1.162
27 67.84 1528 1354 145 038 151 67.84 1528 1354 1448 0.383 1.508
28.5 66.97 16.16 1416 1.16 036 1.18 66.97 16.16 1416 1.162 0365 1.178
30 6753 1395 1484 1662 033 1.688
3 0 67.86 1491 1466 146 0.22 0.89 4 67.86 1491 1466 1462 0.217 0.89
15 69.42 1533 1260 143 0.24 0.98 69.42 1533 126 1434 0239 0.975
3 69.70 1538 1237 128 0.20 1.06 69.7 1538 1237 1.279 0.201 1.064
45 69.31 1554 1252 148 0.22 0.92 69.31 1554 1252 1484 0223 0.922
6 69.49 1589 1195 148 0.23 0.96 69.49 1589 1195 1.48 0.23 0.96
7.5 69.04 1559 1286 1.32 0.21 0.98 69.04 1559 1286 1.321 0.214 0.979
9 68.59 16.00 1284 153 021 0.83 68.59 16 1284 153 0.208 0.831
10.5 6945 1635 1154 154 0.23 0.88 69.45 16.35 1154 1545 0.229 0.885
12 7062 1566 1123 126 0.21 1.02 70.62 1566 11.23 1258 0.21 1.024
135 7128 1559 10.78 1.18 0.21 0.96 7128 1559 10.78 1.176 0.213 0.963
15 7096 13.16 1351 098 0.22 1.18 7096 13.16 1351 0979 0215 1.184
16.5 66.65 11.17 1937 098 0.23 1.60 66.65 11.17 19.37 0979 0.235 1597
18 65.31 10.83 21.03 083 024 1.76 65.31 10.83 21.03 0.833 0.238 1.758
19.5 7029 1257 1459 122 017 1.16 70.29 1257 1459 1216 0.173 1.156
21 70.66 1555 1130 1.35 0.18 0.96 70.66 1555 11.3 1349 0.176 0.962
225 70.07 16.13 1155 1.17 0.18 0.90 70.07 16.13 1155 1.172 0.181 0.898
24 7057 16.01 1115 133 0.17 0.78 70.57 16.01 11.15 1328 0.169 0.779
25.5 69.97 1582 1183 140 0.17 0.82 69.97 1582 1183 1396 0.167 0.82
27 69.44 1563 1270 131 0.17 0.75 69.44 1563 127 1308 0.166 0.753
28.5 69.99 1533 1208 158 0.16 0.85 69.99 1533 1208 1583 0.159 0.853
30 69.71 16.18 11.87 1.29 0.18 0.78
5 0 69.04 1441 1470 105 0.11 0.69 6 69.04 1441 147 1051 0.107 0.691
15 68.76 1481 1443 127 014 0.60 68.76 1481 1443 1267 0.144 0.596
3 70.07 1534 1264 129 012 054 70.07 1534 1264 1292 0.12 0.542
45 69.73 1548 1285 126 0.13 0.56 69.73 1548 1285 1255 0.134 0.562
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Meas.  Pos. (nm) Fe Cr Ni Mn Si Zr  Meas. Fe Cr Ni Mn Si Zr
5 6 69.52 1499 1361 119 015 0.54 6 69.52 1499 1361 1.188 0.153 0.54
7.5 69.26 1535 1316 134 017 0.72 69.26 1535 13.16 1.342 0.175 0.72
9 68.64 1552 1357 150 0.14 0.63 68.64 1552 1357 1505 0.138 0.627
10.5 68.76 1552 1367 133 016 0.56 68.76 1552 13.67 1.333 0.162 0.562
12 69.27 1563 1286 144 0.16 0.65 69.27 1563 1286 1443 0.156 0.647
135 69.85 1585 12.08 142 0.13 0.66 69.85 1585 12.08 1425 0.13 0.664
15 7040 16.88 1050 145 014 0.64 704 1688 105 1447 0.139 0.637
16.5 7121 17.09 9.69 136 015 050 7121 17.09 9.691 1356 0.152 0.504
18 7111 16.83 9.97 139 016 054 7111 16.83 9.967 1.389 0.158 0.544
19.5 7188 1487 1139 115 013 0.58 7188 1487 1139 115 0.133 0.576
21 7073 1310 1422 109 017 0.69 7073 131 1422 1.087 0.169 0.693
225 6722 1111 1997 072 015 0.83 67.22 1111 1997 0.72 0.153 0.827
24 65.70 1191 2054 072 015 0.99 65.7 11.91 2054 0.718 0.148 0.992
255 7048 1344 1425 100 014 0.69 7048 1344 1425 1004 0.135 0.69
27 70.85 1516 1223 115 010 051 70.85 1516 1223 1.151 0.102 0.507
285 70.16 1551 1261 1.17 0.08 0.47 70.16 1551 1261 1.173 0.08 0.465
30 7033 1463 1291 147 012 054 7033 1463 1291 1474 0.115 0.536
7 0 69.49 1490 1362 128 015 0.5 8 69.49 149 1362 1283 0.152 0.547
15 69.88 1548 1256 126 0.14 0.67 69.88 1548 1256 1.262 0.145 0.674
3 70.14 1533 1252 124 012 0.65 70.14 1533 1252 1236 0.118 0.651
45 69.95 1473 1320 127 017 0.68 69.95 1473 132 1273 0.168 0.683
6 7016 1499 1279 125 014 0.66 70.16 1499 1279 1251 0.142 0.663
7.5 69.72 1537 13.02 111 014 0.64 69.72 1537 13.02 1.114 0.141 0.637
9 70.67 1527 12.00 137 016 0.53 70.67 15.27 12 1371 0.163 0.535
10.5 70.63 1589 1160 120 0.14 0.5 70.63 1589 116 1196 0.14 0.545
12 70.17 1570 1219 109 015 0.70 70.17 157 1219 1086 0.152 0.705
135 70.82 1504 1212 126 0.17 0.58 70.82 1504 1212 1264 0.171 0.584
15 69.88 1571 1231 127 017 0.67 69.88 1571 1231 1267 0.168 0.667
16.5 7032 1571 1217 111 017 0.53 7032 1571 1217 1109 0.168 0.527
18 69.87 16.05 1227 108 013 0.59 69.87 16.05 1227 1.084 0.134 0.588
19.5 70.88 1474 1263 107 012 0.56 70.88 1474 1263 1.073 0.116 0.563
21 7043 1395 1355 119 014 0.74 7043 1395 1355 1.194 0.137 0.737
225 68.37 1262 1722 087 0.18 0.73 68.37 1262 1722 0872 0.181 0.731
24 65.72 1024 2174 100 018 1.12 65.72 1024 2174 0998 0.184 1.119
255 64.68 1132 21.79 095 0.16 1.10 64.68 11.32 21.79 0945 0.163 1.103
27 70.78 1328 1403 109 0.15 0.68 70.78 1328 14.03 1.086 0.147 0.683
285 70.92 1457 1251 126 012 0.62 7092 1457 1251 126 0.119 0.617
30 70.89 1544 1174 130 012 0.52 70.89 1544 1174 1296 0.115 0.518
9 0 69.34 1507 1335 138 013 0.72 10 69.34 1507 1335 1.382 0.133 0.722
15 69.43 1468 1345 143 019 0.83 69.43 1468 1345 1426 0.188 0.829
3 68.76 15.02 1378 127 020 0.98 68.76 15.02 13.78 1268 0.197 0.978
45 69.36 1556 1284 114 0.18 0.92 69.36 1556 1284 114 0.183 0.916
6 69.29 1546 1294 119 0.18 0.95 69.29 1546 1294 1189 0.176 0.952
7.5 69.30 15,63 1257 142 020 0.87 69.3 1563 1257 1424 0.203 0.868
9 69.09 1574 1273 136 022 0.86 69.09 1574 1273 1357 0.224 0.864
10.5 69.52 1595 1236 123 019 0.75 69.52 1595 1236 1.234 0.193 0.748
12 69.76 16.16 1168 142 019 0.80 69.76 16.16 11.68 1.424 0.189 0.795
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Meas.  Pos. (nm) Fe Cr Ni Mn Si Zr  Meas. Fe Cr Ni Mn Si Zr
9 135 69.74 16.00 1185 128 021 0.92 10 69.74 16 11.85 1284 0.211 0.923
15 70.62 1491 1225 107 018 0.98 70.62 1491 1225 1.065 0.178 0.98
16.5 68.79 1415 1477 108 021 1.00 68.79 1415 1477 1.084 0.214 1.002
18 66.07 1158 19.88 103 015 1.28 66.07 1158 1988 1.026 0.15 1284
19.5 63.79 1130 2223 096 016 1.56 63.79 113 2223 0958 0.16 1.565
21 67.52 1250 1780 097 016 1.05 6752 125 178 0967 0.159 1.046
225 7022 1490 1298 105 013 0.71 7022 149 1298 1.047 0.135 0.714
24 7033 1531 1232 126 015 0.64 7033 1531 1232 1259 0.149 0.639
255 69.92 1515 1268 141 016 0.69 69.92 1515 1268 1.408 0.159 0.687
27 7023 1522 1250 120 0.16 0.68 70.23 1522 125 1197 0.16 0.682
285 69.68 1572 1249 113 0.18 0.80 69.68 1572 1249 1128 0.18 0.804
30 68.56 16.16 13.15 111 014 0.88 68.56 16.16 13.15 1.105 0.144 0.884
11 0 68.75 1435 1429 121 034 1.06 12 68.75 1435 1429 1209 0.339 1.061
15 68.47 1499 1394 123 033 1.03 68.47 1499 1394 1234 033 1.033
3 68.98 1424 1409 121 036 1.13 68.98 1424 1409 121 0359 1.125
45 66.54 1466 16.04 127 036 1.14 66.54 14.66 16.04 1267 0.363 1.139
6 66.87 1417 1615 120 039 1.23 66.87 1417 1615 1.196 0.393 1.231
7.5 6751 1334 1623 138 037 117 6751 1334 16.23 1.377 0.372 1.167
9 68.96 1453 1398 124 031 0.98 68.96 1453 1398 1244 0312 00978
10.5 69.03 1531 1294 123 036 1.13 69.03 1531 1294 123 036 1.129
12 70.63 1463 1198 137 034 1.06 70.63 1463 1198 1.367 0.339 1.062
135 69.54 1441 1301 136 041 127 69.54 1441 13.01 1361 0406 1.271
15 69.65 1253 1497 104 044 137 69.65 1253 1497 1.04 0439 1.375
16.5 66.06 11.34 1982 073 050 1.56 66.06 11.34 1982 0.728 0.497 1557
18 64.83 1060 2146 079 056 1.76 6483 106 2146 0.785 0.562 1.762
19.5 66.46 11.06 1957 087 049 155 66.46 11.06 1957 0.866 0.493 1.546
21 69.29 1332 1500 1.02 0.33 1.04 69.29 13.32 15 1.017 0332 104
225 69.86 1530 1229 136 029 0.90 69.86 153 1229 1355 0.288 0.902
24 7046 1577 1167 107 025 0.78 7046 1577 1167 1074 025 0.784
255 69.96 1580 1165 147 027 0.86 69.96 158 11.65 1465 0274 0.86
27 69.24 1596 1231 146 025 0.78 69.24 1596 1231 1456 0.25 0.784
285 68.79 16.05 1268 132 0.28 0.88 68.79 16.05 1268 1.321 0.279 0.876
30 69.63 1532 1275 129 025 0.77 69.63 1532 1275 1287 0.245 0.769
13 0 69.21 1589 1273 117 0.34 0.66 14 69.21 1589 1273 1174 0.337 0.662
15 69.61 1635 11.72 131 027 0.74 69.61 16.35 11.72 1314 0.268 0.742
3 70.26 1558 1148 154 032 0.82 70.26 1558 11.48 1544 0.323 0.816
45 69.19 1548 13.08 120 034 0.71 69.19 1548 13.08 1.196 0.343 0.713
6 70.08 1543 1188 152 032 0.77 70.08 1543 11.88 1516 0.325 0.773
7.5 69.82 1561 1210 137 032 0.79 69.82 1561 121 1367 0.321 0.789
9 69.12 1567 1292 125 030 0.74 69.12 1567 1292 1253 0.303 0.737
10.5 69.86 16.23 1140 148 0.33 0.70 69.86 16.23 114 1481 0327 0.701
12 70.26 16.09 1134 132 035 0.65 70.26 16.09 11.34 1321 0.347 0.646
135 69.64 1556 1256 095 0.36 0.93 69.64 1556 1256 0.953 0.357 0.928
15 68.11 1264 1696 094 047 0.88 68.11 12.64 1696 0941 0.466 0.883
16.5 62.72 1018 2485 084 057 0.83 62.72 1018 2485 0.84 0572 0.832
18 64.76 1069 2225 090 056 0.85 64.76 10.69 2225 0.896 0.556 0.845
19.5 67.83 1346 1621 138 042 0.71 67.83 1346 1621 1.376 0418 0.707
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Meas.  Pos. (nm) Fe Cr Ni Mn Si Zr  Meas. Fe Cr Ni Mn Si Zr
13 21 70.16 1567 1239 096 0.28 0.53 14 70.16 1567 1239 0964 0.284 0.533
225 7059 1523 1226 127 032 0.34 7059 1523 1226 1.268 0.317 0.341
24 69.78 16.06 11.77 157 0.28 0.54 69.78 16.06 11.77 157 0.285 0.535
255 69.15 16.40 1206 141 0.38 0.59 69.15 164 1206 1412 0379 0594
27 69.03 1581 1282 138 0.34 0.63 69.03 1581 1282 1.385 0.336 0.629
285 68.63 1539 1415 105 027 051 68.63 1539 1415 1.049 0.274 0.508
30 67.77 1538 1495 108 033 049 67.77 1538 1495 1083 0.329 0.49
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HiZr, 400C, 3 dpa, 3.2 MeV p+

Meas. Pos. (nm) Fe Cr Ni Mn yds Si Meas. Fe Cr Ni Mn Zr Si

1 0 70.01 1513 1241 122 038 0.87 2 69.10 1464 1311 146 076 0.93
15 70.02 1459 1341 153 055 1.00 70.14 1469 1273 137 021 086
3 69.97 1494 1272 126 012 0.99 69.94 1473 1253 158 036 0.85
45 69.73 1481 13.07 131 004 113 70.69 1511 1237 142 -046 0.87
6 69.85 1511 1287 159 026 0.85 70.06 1514 1319 147 -0.74 0.88
7.5 69.38 15.05 1259 124 077 0.97 69.17 1456 1325 148 057 097
9 69.36 1531 12,77 155 0.01 1.02 69.48 1498 13.03 146 0.02 1.02
10.5 70.07 15,67 1220 165 046 0.87 69.45 1495 1239 177 052 092
12 7098 15.17 12.04 149 067 1.00 69.38 1534 1256 123 058 0091
135 7059 14.44 1267 128 0.03 1.05 6991 1444 1262 159 042 1.03
15 68.16 1253 1532 1.11 147 140 69.94 1460 1338 125 -0.18 1.01
16.5 68.98 1332 1409 125 093 143 68.65 1321 1482 110 085 137
18 70.75 13.98 1230 1.37 061 1.00 69.15 1359 1427 115 039 145
19.5 69.67 1537 1231 153 022 0.90 69.98 1491 1271 145 004 0091
21 68.91 1527 1270 157 061 0.94 69.10 1517 1209 131 148 0.85
225 68.95 1520 1265 144 076 1.01 70.06 1503 1220 134 037 099
24 69.40 1499 1229 144 090 0.97 69.81 1527 1187 149 074 083
255 69.47 1463 1231 126 134 1.00 6943 1524 1212 144 082 0.9
27 7040 15.00 1249 120 0.03 0.94 69.29 1464 1328 142 037 1.00
28.5 68.93 14.76 1313 140 074 1.05 69.69 1465 1288 125 060 0.93
30 70.30 1425 1268 124 045 1.08 69.67 14.45 1248 147 087 1.06
3 0 70.58 1459 1359 061 021 043 4 68.81 1499 1343 141 031 1.06
15 70.69 15.01 1243 091 045 0.51 68.88 14.79 13.09 146 085 0.93
3 70.87 1490 1295 097 019 0.49 69.10 1543 1329 141 -023 1.01
4.5 7144 1496 1325 056 070 0.49 68.64 1506 1278 137 123 0.92
6 69.80 14.83 13.05 082 103 047 69.70 1493 1242 138 059 0.98
75 7035 1495 1274 121 031 045 6944 1533 1308 152 -0.18 0.82
9 70.78 1561 1288 0.76 042 0.38 68.32 1498 1276 146 163 0.85
10.5 7120 1538 1190 090 029 0.32 70.47 1510 1242 146 -0.37 093
12 70.46 16.05 12.40 0.87 0.18 0.40 70.46 1538 1217 137 -035 0.96
135 7156 1492 1313 075 0.82 0.46 69.19 1436 1351 130 059 1.05
15 70.03 1357 1450 049 062 0.79 69.13 1355 1494 111 -017 144
16.5 68.12 1282 16.12 050 132 112 66.37 13.10 1581 1.00 2.03 1.68
18 70.09 1429 1363 063 070 0.66 69.95 13.77 1307 126 072 123
19.5 71.04 1527 1199 093 049 0.29 69.89 1532 1200 146 037 097
21 7050 1490 1297 090 031 042 68.83 1521 1208 135 162 0.92
225 69.98 1545 1259 090 0.70 0.38 68.91 1516 1259 133 099 1.01
24 70.63 15.00 1255 0.89 048 0.45 68.74 1507 1353 145 014 1.08
255 70.31 1481 1315 0.89 041 0.44 67.57 1503 1352 152 141 094
27 69.59 14.04 1353 094 146 0.44 68.35 1492 1336 122 117 096
285 70.81 1482 1289 0.79 026 042 69.74 1470 1309 144 010 094
30 7045 1483 1284 058 0.84 0.46 68.42 1507 1305 147 099 0.99
5 0 69.24 1532 1255 136 054 1.00 6 69.91 1434 1307 143 0.08 117
15 69.72 1533 12.07 141 057 0091 70.18 14.05 1296 154 029 098
3 70.17 1537 1288 127 055 0.85 69.85 1503 1295 112 001 1.04
45 70.35 1482 1271 140 034 1.06 69.96 1454 1370 125 -052 1.07

397



Meas. Pos. (nm) Fe Cr Ni Mn Si Zr Fe Cr Ni Mn Si Zr
5 6 70.04 1469 1269 147 018 0.93 69.63 1547 1269 134 -0.16 1.04
75 69.68 1449 1278 152 045 1.09 69.85 1528 1243 136 -0.04 111
9 7098 1541 1233 132 110 1.05 7051 1513 1273 161 -089 0091
105 68.96 1538 1258 1.64 048 0.96 69.63 15.10 1266 144 0.28 0.90
12 69.54 1540 1278 153 0.13 0.88 69.49 1515 1244 146 054 091
135 70.14 1541 1215 142 0.07 0.95 7095 1472 13.09 118 -1.15 1.20
15 69.04 1389 1372 130 0.75 1.30 68.38 13.01 15.05 1.05 1.10 1.40
16.5 67.75 13.02 1532 103 136 151 68.33 1286 1540 104 0.63 1.74
18 68.68 13.20 1477 105 0.74 155 7059 1443 1189 121 091 0.97
19.5 69.03 1445 1273 136 134 1.09 69.41 1524 1247 138 058 0.92
21 7041 1523 1186 132 0.33 0.85 69.20 1513 1248 144 092 0.83
22.5 70.24 1480 1268 142 0.18 1.04 68.63 15.33 1242 1.36 131 0.95
24 70.07 15.08 1237 124 029 094 69.99 1476 1270 145 0.10 0.99
25.5 69.49 1517 1253 154 029 0.98 68.93 14.30 13.32 143 1.03 1.00
27 68.76 1444 1245 145 190 1.00 69.34 1442 13.06 147 071 1.00
28.5 69.47 1509 13.13 127 0.05 1.00 68.39 1469 13.67 143 0.58 1.25
30 69.36 1468 1329 110 056 1.01 69.53 1395 1310 137 1.03 1.02
7 0 70.02 1520 12.87 127 0.26 0.90
15 69.90 1478 1213 142 074 1.02
3 69.89 1471 1287 139 0.13 1.02
4.5 70.27 1423 13.01 144 001 1.05
6 70.44 1470 1285 131 0.38 1.09
75 69.72 1465 1239 142 085 0.97
9 69.18 1499 1350 146 018 1.06
10.5 70.04 1514 1227 129 029 0.97
12 70.25 1499 12.00 176 0.18 0.83
135 69.57 1451 1333 134 020 1.05
15 69.23 13.17 1520 1.13 0.14 1.40
16.5 67.99 1272 1536 115 104 1.73
18 70.04 1428 1344 093 0.05 1.25
19.5 69.97 1477 1238 147 053 0.88
21 7043 1562 1224 126 048 0.92
225 69.86 1526 12.80 153 030 0.86
24 70.18 1527 12.88 141 0.62 0.89
25.5 70.19 15.06 1259 146 026 0.96
27 69.92 1471 1259 139 043 0.96
28.5 69.77 1463 1243 165 053 0.99
30 69.91 1471 1287 144 0.05 1.02

398



HiZr, 400C, 3 dpa, 2 MeV protons

Meas. Pos. (nm) Fe Cr Ni Mn Si Zr Meas. Fe Cr Ni Mn Si Zr
1 0 69.16 15.27 13.23 121 0.32 0.82 2 7124 1498 11.55 127 027 0.69
15 69.79 1519 1246 151 028 0.77 7058 1528 1193 131 026 0.65
3 70.46 15.77 11.31 1.52 0.26 0.68 70.19 1556 11.98 133 029 0.65
45 71.48 15.68 10.43 1.48 0.28 0.66 7049 1539 1151 160 029 0.71
6 70.58 16.06 10.80 1.60 0.29 0.67 69.98 15.95 11.65 144 025 0.73
7.5 71.33 15.35 11.14 1.23 024 0.71 70.47 1550 11.69 137 024 0.73
9 71.31 15.47 10.67 1.58 0.32 0.65 7155 1466 11.66 123 025 0.66
10.5 71.52 14.58 11.85 0.91 0.31 0.83 7110 1524 1159 123 025 0.59
12 67.69 11.91 17.68 0.71 040 1.60 70.84 1417 12.69 113 0.30 0.86
135 67.86 12.65 16.83 0.72 045 150 67.92 1237 16.91 085 042 155
15 7120 1496 1161 111 030 081 7120 1418 1230 116 035 0.82
16.5 71.04 15.10 11.67 1.23 0.26 0.70 7134 1512 11.28 125 029 0.72
18 70.62 1520 11.89 139 031 059 70.99 1556 1134 111 030 0.71
195 71.17 15.14 11.46 1.37 0.24 0.61 70.62 15.68 11.33 142 031 0.64
21 7047 1498 12.15 140 028 0.72 69.89 1621 1175 126 031 0.8
22.5 71.94 15.29 10.51 1.26 0.33 0.68 7095 1550 11.37 122 030 0.66
24 70.99 14.88 11.82 1.24 0.34 0.73 70.77 1543 1157 133 0.28 0.62
25.5 71.16 14.70 11.89 1.20 0.30 0.75 70.19 1520 12.42 125 022 0.73
27 70.49 15.22 12.16 0.99 0.28 0.86 69.61 1543 1251 134 033 0.78
28.5 70.94 14.09 12.83 1.06 0.29 0.80 70.57 1523 11.81 149 030 0.61
30 7037 1410 1313 131 028 081 69.87 16.07 1163 138 028 0.77
3 0 70.63 14.68 12.42 1.37 0.25 0.66 4 70.11 15.22 1250 121 027 0.70
15 7040 1490 1259 105 025 0.80 70.60 1511 1219 120 022 0.69
3 69.80 15.09 12.73 1.34 0.23 0.81 70.05 1513 12.34 149 029 0.71
45 69.26 1458 13.84 122 027 0.83 70.69 1508 12.07 124 026 0.66
6 68.94 15.11 13.47 1.24 0.27 0.96 7053 1497 1221 129 020 0.81
7.5 70.22 14.72 12.78 1.14 0.25 0.89 71.02 1472 12.02 129 023 0.72
9 71.16 14.68 11.92 1.20 0.29 0.75 70.71 1519 11.95 116 0.27 0.72
105 71.24 14.84 11.74 1.21 0.27 0.70 70.98 1505 11.88 123 024 0.63
12 70.64 15.51 11.64 1.16 0.28 0.76 7130 1446 11.86 125 0.28 0.85
135 71.35 14.22 12.27 0.99 0.28 0.89 7111 1220 14.10 116 032 111
15 68.62 1271 15.86 0.88 038 155 66.73 1187 1835 097 045 1.63
16.5 66.85 11.45 18.66 0.91 042 171 68.94 1245 15.89 0.95 037 140
18 71.74 14.55 11.40 1.21 029 081 7132 1497 11.24 1.30 0.33 0.83
195 70.77 15.20 11.48 1.60 0.26 0.69 71.23 1562 10.87 129 026 0.72
21 70.02 16.02 1157 144 030 0.66 70.86 1577 1118 115 032 0.72
22.5 71.10 15.45 11.43 1.12 0.28 0.62 70.32 1510 12.18 125 031 084
24 70.32 15.77 11.73 1.27 0.26 0.65 70.33 1488 12,53 121 0.26 0.80
25.5 70.18 15.63 11.87 1.36 0.30 0.66 70.61 1487 12.44 1.04 0.27 0.77
27 70.99 15.19 11.53 1.40 0.27 0.61 69.76 14.65 13.35 1.05 031 0.89
28.5 69.96 15.93 11.86 1.25 0.26 0.75 69.69 1443 13.56 119 0.30 0.83
30 70.07 15.45 12.19 1.13 032 0.84 70.60 1427 1284 122 031 0.76
5 0 69.98 15.35 12.49 1.14 0.26 0.77 6 7092 1514 11.69 133 029 0.63
15 70.51 15.42 11.98 111 0.25 0.73 70.47 1504 12.15 131 0.27 0.76
3 70.72 15.00 12.04 1.30 0.25 0.69 7095 1481 12.17 117 024 0.65
45 70.80 15.15 11.94 1.21 0.24 0.64 7136 1464 11.76 114 0.27 0.83

399



Meas. Pos. (nm) Fe Cr Ni Mn Si Zr Meas. Fe Cr Ni Mn Si Zr
5 6 70.33 1522 1239 111 029 0.66 6 70.11 1492 1295 095 024 0.83
75 69.94 1502 12.87 120 025 0.72 70.82 1461 1247 105 030 0.75

9 70.77 1530 11.66 123 024 0.79 7124 1473 1190 113 025 0.76

10.5 7139 1522 1124 126 025 0.64 7015 1543 1184 154 026 0.77

12 7154 1523 11.07 126 024 0.66 70.48 1523 1195 132 028 0.74

135 7158 1454  11.92 092 029 0.75 70.60 1289 1410 079 038 1.25

15 70.64 1229 1455 089 040 122 66.90 1192 1854 054 043 1.66

16.5 67.09 1217 17.96 072 034 173 69.75 1322 1446 089 038 1.30

18 7152 1463 11.67 097 032 089 7116 1487 1169 117 030 0.81

195 7038 1553 1171 133 034 071 70.83 1514 1175 127 027 0.74

21 7079 1511 1176 126 034 0.74 7149 1508 1128 115 029 0.71

225 69.85 1522 1232 141 030 0.9 7149 1503 1106 140 031 0.71

24 69.69 1524 12.77 120 031 0.79 71.09 1526 1132 134 027 0.72

255 69.96 1506 12.90 105 028 0.75 70.02 16.06 11.73 122 0.28 0.69

27 7019 1478 1261 142 025 0.75 69.68 1492 13.07 115 027 0091

285 70.58 15.02 1241 1.02 025 0.72 69.69 1514 1291 118 0.28 0.79

30 70.58 1477 1252 113 029 0.72 7024 1498 1239 128 027 0.84

400



HiZr, 400C, 7 dpa, 3.2 MeV p+

Meas. Pos. (nm) Fe Cr Ni Mn Si Zr  Meas. Fe Cr Ni Mn Si Zr
1 0 69.59 14.99 1289 121 043 0.88 2 70.55 1457 1241 129 042 0.76
15 69.32 1490 1328 120 0.36 0.94 7052 1493 1212 124 036 084
3 69.95 15.27 1222 129 042 0.85 69.72 15.27 12.59 120 038 084
45 69.99 15.38 1211 132 0.39 0.82 7042 1540 11.93 114 038 0.71
6 70.28 15.49 11.74 131 045 0.74 69.82 15.36 12.09 145 044 083
7.5 70.20 16.07 11.37 115 0.40 0.80 7040 1465 1221 140 046 087
9 70.44 15.27 11.68 1.40 0.39 0.82 70.76 1480 12.21 094 044 084
10.5 70.65 15.41 11.60 1.08 0.47 0.79 71.64 13.85 11.98 1.04 048 1.01
12 70.88 14.57 1210 110 044 091 69.05 11.59 16.69 0.75 0.52 1.40
135 70.25 12.87 1431 086 045 1.26 63.32 9.52 23.58 062 054 241
15 6735 1121 1849 086 0.44 166 65.94 10.10 2050 085 053 207
16.5 64.91 9.94 2159 064 051 243 70.68 13.33 13.59 0.82 0.39 1.19
18 6439 1030 22.05 0.70 0.49 207 70.90 1452 1197 119 046 0.96
195 69.09 12.77 1528 095 046 1.45 70.51 15.03 11.86 133 039 087
21 70.98 14.79 1159 120 0.45 0.99 7042 1499 11.94 134 041 0091
22.5 70.56 15.02 1193 1.18 0.42 0.89 70.01 1459 1292 116 046 0.85
24 69.69 15.46 1229 131 0.37 0.89 70.07 14.68 12.72 127 043 084
25.5 69.54 15.38 1230 1.47 035 0.97 69.09 15.07 13.48 114 043 0.79
27 70.37 14.71 1246 134 034 0.78 69.61 14.30 13.66 106 042 095
28.5 69.65 15.52 1233 134 036 081 69.71 1412 13.83 093 044 0.98
30 70.17 15.01 1214 147 039 0.82 68.87 14.74 13.61 138 040 1.00
3 0 69.73 14.90 13.01 099 046 0.92 4 69.49 15.16 12.83 122 045 084
15 69.86 1470 13.09 1.07 0.38 0.90 70.10 15.02 1228 127 052 081
3 69.69 14.00 13.78 1.13 041 0.99 69.59 1552 1241 118 043 0.88
45 68.99 1459 1392 109 045 0.98 69.97 1529 1216 123 041 095
6 68.89 14.85 1342 134 047 1.03 69.67 14.66 12.76 136 050 1.04
75 69.71 14.85 1297 114 042 091 7044 1496 1244 097 045 0.75
9 70.96 15.03 1166 1.11 041 0.83 70.50 15.09 11.93 116 047 0.87
10.5 71.19 14.90 1164 111 0.36 0.79 70.77 1414 12.28 139 049 093
12 71.40 14.07 1205 1.05 048 0.95 70.44 1297 13.80 101 053 1.25
135 70.57 11.95 1491 083 044 131 66.25 10.90 19.59 0.67 054 2.06
15 6733 11.02 1855 0.77 049 184 63.20 10.13 2331 060 054 221
16.5 62.71 10.10 23.63 0.64 056 236 6741 1101 18.67 0.59 0.52 1.79
18 6726 1151 1819 060 049 1.95 70.95 1336 1318 103 039 1.10
195 70.89 13.77 1276  1.09 0.39 1.10 70.55 1477 12.20 120 039 0.88
21 70.57 15.54 1147 114 042 0.86 69.55 15.04 12.58 148 044 0.90
225 70.48 15.40 1155 1.30 043 0.85 69.02 1555 13.12 110 037 0.85
24 70.18 15.47 12.02 111 042 0.80 69.87 14.78 12.73 129 043 090
25.5 69.93 15.08 1257 121 0.38 0.84 70.22 1446 12.82 1.05 0.46 1.00
27 69.35 14.97 1331 1.16 042 0.79 70.16 14.24 13.00 114 047 099
28.5 70.47 14.17 1285 121 036 094 70.03 1420 13.08 124 047 0.98
30 70.08 14.81 1241 150 0.35 0.85 68.89 14.98 13.72 1.00 0.38 1.03
5 0 70.11 14.63 1288 1.16 0.38 0.84 6 69.32 14.75 13.33 117 040 103
15 69.91 1481 1262 129 0.39 0.97 69.06 1459 1369 116 043 1.07
3 69.99 14.98 1262 1.07 047 0.86 69.47 1440 13.36 128 047 1.02
45 69.79 14.82 1267 130 0.52 0.89 69.76 14.82 12.59 142 043 099

401



Meas. Pos. (nm) Fe Cr Ni Mn Si Zr  Meas. Fe Cr Ni Mn Si Zr
5 6 69.40 1578 1213 133 045 092 6 69.78 1539 1206 133 049 094
75 70.06 1512 1221 119 044 098 70.09 1565 11.82 110 049 085
9 70.87 1465 1177 148 0.37 0.86 70.88 14.88 1148 142 052 0.82
10.5 7114 1437 1213 098 045 094 7144 1421 1172 110 048 1.04
12 70.79 13.00 1356 0.87 048 1.29 7115 1311 1320 087 048 120
135 68.13 1056 1826 0.83 048 1.75 66.44 10.65 20.02 057 056 1.77
15 63.27 1041 2282 055 054 242 64.66 10.79 2122 060 050 224
16.5 68.26 1179 16.85 084 051 1.75 68.01 12.04 1703 069 050 1.72
18 7175 1440 1130 121 0.38 0.95 70.70 1422 1267 096 036 1.10
195 7091 1530 1126 131 042 0.0 71.03 1558 1082 120 042 095
21 7054 1543 1154 129 041 0.80 7110 1552 1092 130 038 0.79
225 70.01 1533 1226 1.14 040 0.85 69.43 1533 1262 128 038 0.96
24 69.11 1558 12.64 119 048 0.99 69.24 1494 1331 118 037 095
255 68.69 15.00 13.72 120 0.38 1.01 68.64 1474 1398 125 037 1.03
27 69.49 1455 1335 138 0.37 0.5 69.24 1511 1318 123 036 0.89
28.5 69.58 14.60 1318 1.28 0.39 0.97 70.19 14.08 1301 134 043 0.9
30 69.59 1473 1325 120 0.36 0.88 69.75 14.62 1295 142 040 0.86
7 0 7028 1572 1146 136 0.33 0.5 8 69.72 1545 1223 141 033 0.86
15 69.98 1532 1214 135 0.35 0.85 69.29 1575 1244 135 031 085
3 69.75 1518 1272 114 035 0.87 70.02 1581 1157 135 035 0.89
45 7021 1478 1245 130 0.37 0.89 7022 1571 1159 130 035 0.83
6 7044 1479 1233 112 035 098 69.99 1553 1193 135 034 086
75 7052 1437 1284 093 0.35 0.99 69.94 1515 1240 129 030 093
9 70.82 1329 1348 098 0.34 110 70.82 1534 1143 105 037 1.00
10.5 68.62 1171 1698 0.87 0.38 143 7119 1411 1226 106 033 1.06
12 66.27 10.94 1979 0.75 040 1.85 70.13 1217 1514 089 035 132
135 68.53 11.70 1710 0.78 041 148 6748 1094 1880 075 042 161
15 70.62 1340 1344 110 0.39 1.04 66.96 1052 1958 076 038 1.79
16.5 71.03 1470 12.08 103 0.34 0.82 68.03 1134 1791 085 041 146
18 7113 1505 1143 117 041 0.80 7155 13,60 1245 108 038 095
19.5 70.64 1518 1187 122 035 0.72 7127 1487 1142 128 040 0.76
21 69.72 1543 1235 132 0.37 0.82 7128 1520 1129 108 037 0.78
225 69.59 1515 1298 120 0.36 0.72 70.78 1588 1099 113 042 0.0
24 69.14 1459 1390 1.16 0.38 0.82 69.80 1537 1235 126 044 0.77
255 69.35 1443 1376 121 0.37 0.87 69.80 1551 1220 124 039 0.86
27 70.03 1498 1255 122 041 081 69.79 1466 1315 122 038 0.79
285 70.24 1515 1229 118 040 0.75 69.52 1514 1284 129 033 0.89
30 7032 1478 1255 121 0.39 0.76 69.53 14.89 1306 122 038 092
9 0 70.23 1483 1245 118 0.36 0091 10 69.58 14.62 1340 113 032 095
15 69.80 1533 1233 131 0.33 0.89 69.21 1510 1329 108 034 098
3 7025 1504 1220 127 0.36 0.88 7011 1459 1274 127 034 096
45 70.19 1545 1189 129 0.35 0.83 70.13 1477 1271 118 032 0.89
6 7012 1499 1240 124 033 092 7029 1489 1241 117 035 0.89
7.5 71.02 1418 1239 107 0.31 1.03 7055 1527 1175 114 035 0.95
9 70.63 1423 1275 100 0.39 101 7023 1476 1240 124 038 098
10.5 67.68 1120 1829 076 0.35 1.72 7111 1379 1271 104 035 1.00
12 65.75 1024 20.84 081 044 193 69.93 1336 1414 108 036 1.12

402



Meas. Pos. (nm) Fe Cr Ni Mn Si Zr  Meas. Fe Cr Ni Mn Si Zr
9 135 66.41 1042 20.05 0.84 041 1.87 10 6755 1219 1760 085 034 148
15 7093 1296 1361 102 0.38 1.12 68.72 12,05 1668 077 041 136
16.5 7180 1391 1217 087 0.37 0.88 70.02 1311 1437 110 036 104
18 7136 1494 1146 104 041 0.79 70.61 1341 1346 111 045 095
19.5 71.09 1544 1113 121 0.38 0.76 69.82 14.05 1359 115 039 1.00
21 7022 1556 1172 131 0.37 0.82 7020 1442 1293 111 039 095
225 69.49 1555 1235 147 0.37 0.78 69.53 1457 1337 126 034 094
24 69.42 1540 1274 133 0.38 0.73 69.55 1480 1322 111 037 096
255 69.62 1553 1242 127 041 0.75 68.64 1476 1399 127 045 0.88
27 69.47 1512 13.05 128 0.38 0.70 69.12 1474 1367 110 038 099
28.5 68.95 1515 1351 125 0.36 0.78 69.27 14.62 1349 118 042 101
30 69.23 1501 1358 106 0.35 0.77 69.44 1477 1322 115 045 096
11 0 70.16  15.08 1214 136 0.38 0.88 12 69.41 1536 1286 116 033 087
15 69.92 1503 1229 147 0.38 0.90 70.27 15.06 1194 146 036 0091
3 70.19 1529 1206 125 0.32 0.89 70.01 15.02 1261 112 035 0.90
45 7092 1504 1168 1.17 0.30 0.89 69.93 1456 1308 119 032 092
6 7052 1444 1264 115 0.37 0.88 70.38 1437 1273 116 034 1.02
75 70.78 1401 1269 119 0.33 1.00 7042 1453 1264 107 035 101
9 70.86 13.09 1360 1.00 0.35 1.11 7073 1352 1320 109 036 1.09
10.5 69.50 1167 1624 087 0.35 1.37 69.19 1257 1576 079 037 132
12 6720 11.04 19.01 072 0.33 1.70 6771 1125 1816 074 042 172
135 67.04 1062 1912 090 040 191 67.08 1118 1890 0.77 041 165
15 69.25 1216 1581 090 042 1.46 68.63 11.62 17.05 091 037 142
16.5 7152 1426 1177 118 042 0.86 7110 1492 1168 114 039 0.78
18 7094 1548 1143 095 0.38 0.81 70.84 1535 1154 109 036 081
19.5 70.19 1553 1180 1.30 042 0.76 70.58 1537 1161 128 040 0.77
21 7025 1560 1183 119 041 0.72 70.65 1485 1176 165 037 071
225 70.31 1485 1224 137 042 081 69.74 1513 1278 118 036 081
24 69.63 1491 1295 135 040 0.76 69.51 1474 1328 128 040 0.79
255 70.31 1474 1249 121 045 0.79 69.63 1476 1311 122 040 0.89
27 69.91 1498 1272 121 042 0.77 70.09 1468 1273 131 038 082
285 70.40 1479 1254 112 041 0.74 70.22 1471 1255 133 036 0.83
30 69.83 1516 1257 132 0.36 0.75 69.88 14.66 1301 123 043 0.80
13 0 7011 1466 1286 122 0.29 0.86
15 7033 1469 1254 125 0.35 0.83
3 69.79 1491 1272 142 0.32 0.85
45 69.70 1489 1289 124 0.33 0.95
6 70.12 1494 1249 122 0.36 0.87
75 70.13 1487 1243 127 035 0.95
9 71.04 1437 1220 105 0.36 0.98
105 7018 1332 1425 080 0.35 1.10
12 6796 11.83 1759 0.72 0.38 1.52
135 66.54 1063 1991 079 041 1.73
15 68.59 1186 1693 0.76 0.35 1.52
16.5 7168 1377 1226 102 0.39 0.8
18 7110 1479 1182 110 040 0.79
195 7119 1492 1168 103 041 0.78

403



Meas. Pos. (nm) Fe Cr Ni Mn Si Zr

13 21 7059 1484 1223 126 0.33 0.75
225 7019 1492 1250 119 043 0.78

24 69.56 1502 1295 130 0.37 0.80

255 69.54 1495 13.07 133 0.39 0.73

27 69.50 1498 1312 128 0.38 0.74

28.5 7013 1463 1284 126 0.37 0.77

30 70.25 1495 1231 140 0.37 0.72

404



HiZr, 400C, 7 dpa, 2 MeV p+

Meas. Pos. (nm) Fe Cr Ni Mn Si Zr  Meas. Fe Cr Ni Mn Si Zr
1 0 71.22 15.07 11.75 1.07 0.23 0.66 2 7055 1457 1241 129 042 0.76
15 70.71 15.41 11.75 1.26 0.22 0.64 7052 1493 1212 124 036 084
3 71.10 15.01 11.79 1.22 0.26 0.60 69.72 15.27 1259 120 0.38 0.84
45 70.90 14.91 11.94 1.45 0.21 0.60 7042 1540 1193 114 038 0.71
6 70.42 14.55 12.80 1.28 0.24 0.71 69.82 1536 12.09 145 044 0.83
7.5 69.71 15.19 12.98 1.07 0.26 0.79 7040 1465 1221 140 046 0.87
9 70.21 15.01 12.40 1.46 0.22 0.70 70.76 1480 1221 094 044 084
10.5 71.97 14.66 11.17 1.20 0.27 0.73 7164 1385 1198 1.04 048 1.01
12 73.18 12.91 11.70 1.16 0.26 0.78 69.05 1159 16.69 0.75 052 1.40
135 69.58 11.06 16.70 0.70 0.26 1.71 63.32 9.52 2358 0.62 054 241
15 65.62 10.38  20.85 0.70 029 216 65.94 10.10 2050 0.85 053 207
16.5 72.90 12.54 12.42 1.02 0.28 0.84 70.68 1333 1359 0.82 0.39 1.19
18 73.01 1526 9.96 0.97 025 0.55 70.90 1452 1197 119 046 0.96
195 72.82 14.54 10.38 1.44 0.25 0.57 7051 15.03 1186 133 0.39 0.87
21 71.63 15.03 11.35 1.18 0.23 0.58 7042 1499 1194 134 041 091
22.5 70.29 15.14 12.06 1.68 0.25 0.57 70.01 1459 1292 116 046 0.85
24 70.40 15.78 1151 1.43 0.29 0.59 70.07 1468 1272 127 043 084
25.5 70.39 15.81 11.45 1.54 0.20 0.60 69.09 15.07 1348 114 043 0.79
27 70.77 15.90 11.06 1.42 0.24 0.61 69.61 1430 13.66 1.06 0.42 0.95
28.5 71.05 16.33 10.38 1.44 0.24 0.56 69.71 1412 13.83 093 044 0.98
30 70.57 15.80 11.38 1.43 0.25 0.57 68.87 1474 1361 1.38 0.40 1.00
3 0 70.46 14.83 12.41 121 0.24 0.86 4 69.49 1516 1283 122 045 0.84
15 69.90 1524 12.69 1.13 0.26 0.78 70.10 1502 1228 127 052 081
3 70.95 14.49 12.43 1.14 0.24 0.74 69.59 1552 1241 118 043 0.88
45 70.73 1509 11.80 1.50 0.25 0.62 69.97 1529 1216 123 041 0.95
6 71.28 15.06 11.67 1.15 0.27 0.57 69.67 1466 1276 136 050 1.04
75 71.54 14.69 11.53 1.36 0.24 0.63 7044 1496 1244 097 045 0.75
9 71.72 15.44 10.78 121 0.21 0.64 7050 15.09 1193 116 047 0.87
10.5 72.62 14.77 10.57 1.08 0.26 0.70 70.77 1414 1228 139 049 0.93
12 72.45 11.78 13.42 0.96 0.27 1.13 70.44 1297 1380 1.01 053 1.25
135 64.99 10.21 21.76 0.74 0.28 2.02 66.25 1090 19.59 0.67 054 2.06
15 68.64 1137 17.50 0.79 0.27 143 63.20 10.13 2331 060 054 221
16.5 73.01 13.75 11.43 0.86 0.22 0.73 67.41 1101 1867 059 052 1.79
18 7170 1620 10.26 1.15 0.22 047 70.95 1336 13.18 1.03 039 1.10
195 70.89 15.84 11.06 1.48 0.22 0.50 7055 1477 1220 120 039 0.88
21 71.08 15.76 10.92 1.46 0.24 0.54 69.55 1504 1258 148 044 0.90
225 70.71 16.09 11.07 1.32 0.24 0.57 69.02 1555 1312 1.10 037 0.85
24 70.84 14.82 12.24 1.32 0.23 0.55 69.87 1478 1273 129 043 0.90
25.5 70.50 14.93 12.43 1.44 0.20 0.50 70.22 1446 1282 105 046 1.00
27 71.23 15.54 11.16 1.26 0.26 0.56 70.16 1424 13.00 1.14 047 0.99
28.5 71.26 16.03 10.49 141 0.25 0.56 70.03 1420 13.08 124 047 0.98
30 72.02 15.66 10.49 1.07 0.21 0.55 68.89 1498 13.72 1.00 0.38 1.03
5 0 71.47 14.68 11.66 1.27 0.28 0.64 6 69.32 1475 1333 1.17 040 1.03
15 70.89 1516 1161 151 022 061 69.06 1459 1369 116 043 1.07
3 71.21 15.08 11.29 1.48 0.29 0.65 69.47 1440 1336 1.28 047 1.02
45 71.81 13.80 12.24 1.25 0.20 0.70 69.76 14.82 1259 142 043 0.99

405



Meas. Pos. (nm) Fe Cr Ni Mn Si Zr  Meas. Fe Cr Ni Mn Si Zr
5 6 69.40 15.78 12.13 1.33 045 0.92 6 71.02 1462 1212 119 0.26 0.79
75 70.06 1512 1221 1.19 044  0.98 7183 1477 1121 141 022 056
9 70.87 1465 1177 1.48 037 0.86 7271 1522 992 125 0.24 0.66
10.5 7114 1437 1213 0.98 045 0.94 7331 1437 1020 110 0.27 0.74
12 70.79  13.00 13.56 0.87 048 1.29 7150 11.71 1432 0.99 0.25 1.23
135 68.13 1056  18.26 0.83 048 175 6447 982 2278 058 0.26 210
15 63.27 1041 22.82 0.55 054 242 7141 1126 1513 098 0.24 098
16.5 68.26 11.79  16.85 0.84 051 175 73.08 1379 1112 115 024 062
18 7175 1440 11.30 1.21 038 0.95 7257 1549 1000 120 0.23 051
195 7091 1530 11.26 131 042 0.80 7238 1509 1034 141 024 055
21 7054 1543 1154 1.29 041 0.80 7147 1567 1085 121 0.23 057
225 70.01 1533  12.26 1.14 0.40 0.85 7174 1555 10.77 120 0.22 0.52
24 69.11 1558 12.64 1.19 048  0.99 7121 1555 11.07 141 019 056
255 68.69 1500 13.72 1.20 038 1.01 70.89 1540 1157 136 0.21 0.58
27 69.49 1455 13.35 1.38 037 0.85 7015 1533 1247 126 019 0.60
28.5 69.58 1460 13.18 1.28 039 097 7092 1471 1220 123 0.24 0.70
30 69.59 1473 13.25 1.20 0.36 0.88 70.89 1506 1196 129 0.24 056
7 0 7045 1587 11.60 1.25 0.25 0.59 8 7123 1512 1169 1.07 026 0.62
15 7043 1544  12.04 1.26 0.26  0.57 7127 1470 1182 128 0.26 0.67
3 7081 1525 11.85 1.23 0.24 061 70.73 1442 1246 143 026 0.68
45 7126 1498 1156 1.40 0.23 057 7118 1467 1196 122 0.27 0.70
6 7057 1472  12.62 1.26 021 0.62 7153 1525 1112 124 025 061
75 7050 1481 1271 1.09 0.23  0.66 7166 1557 1050 1.38 0.24 064
9 7243 1486 10.71 1.14 024 0.62 73.03 1483 10.16 117 0.21 0.60
10.5 72.63 1430 10.81 1.35 0.25 0.65 7335 1411 1054 1.04 023 0.73
12 7239 1357 11.87 1.10 022 0.85 69.88 1211 1564 0.84 0.27 1.26
135 67.02 1047 19.70 0.70 030 1.82 7324 1363 1111 1.02 020 0.79
15 69.25 1242 1584 0.89 028 132 7295 1479 1042 111 0.23 0.50
16.5 7324 1403 10.72 1.07 0.26  0.68 7249 1485 1069 120 025 051
18 7248 1542 10.15 1.15 022 057 7122 16.04 1061 133 026 054
19.5 7156 1579  10.59 1.23 021 0.62 7142 1589 1056 137 0.21 055
21 7133 1582 10.81 1.25 021 0.58 7051 1512 1217 136 0.25 0.58
225 70.75 16.04  10.98 1.40 0.25 0.58 7058 1585 11.11 165 0.27 054
24 70.88 1529 11.40 1.54 022 0.67 70.41 15.64 1168 144 0.21 0.63
255 70.69 1513 11.95 1.29 023 071 7140 1536 11.13 128 0.24 0.60
27 69.40 1483 1350 1.26 022 0.78 70.80 1565 11.25 147 0.26 057
285 69.88 14.68 13.36 1.12 025 071 7150 1551 1084 136 0.21 0.59
30 70.58 1453  12.70 1.28 0.25 0.66 7091 1581 11.03 154 020 051
9 0 69.51 1532 13.05 0.98 022 0.92 10 7142 1593 1047 113 021 0.83
15 69.91 1549 1210 1.60 022 0.67 70.69 1587 11.19 134 0.22 0.70
3 7016 1546  12.29 1.20 0.25 0.64 7148 1543 1092 121 0.27 0.69
45 70.39 1480 12.29 1.59 021 0.72 7142 1486 1143 140 0.20 0.69
6 69.22 1510 13.64 1.06 019 0.80 7098 1437 1235 131 0.23 0.76
7.5 70.69 1530 11.53 1.26 021  1.00 70.68 14.60 1249 119 0.23 0.82
9 71.00 1590 10.64 111 025 1.09 70.78 1501 1224 097 025 0.76
10.5 72.63 1425 10.80 1.02 0.26 1.04 7123 1548 1111 101 024 093
12 61.16 9.13 25.10 0.81 053  3.27 68.97 1305 1491 111 031 164

406



Meas. Pos. (nm) Fe Cr Ni Mn Si Zr  Meas. Fe Cr Ni Mn Si Zr
9 135 6548 10.05 20.73 0.60 0.46  2.69 10 6271 10.63 2278 057 049 282
15 7235 1284 12.30 0.97 043 110 7113 1313 1299 1.00 0.38 1.37
16.5 7250 1551 9.61 1.37 033 0.68 68.28 12.65 16.21 0.63 041 1.82
18 7310 1555 8.97 1.28 037 0.73 7282 1507 9.89 110 034 0.79
19.5 7143  16.77 9.56 1.33 037 0.53 7218 15.01 1065 1.06 0.34 0.77
21 7115 16.53 9.83 1.35 039 0.76 71.08 1543 11.27 111 031 0.80
225 70.10 1658  10.79 141 037 0.76 72.03 1452 1129 1.06 0.33 0.77
24 7050 16.81  10.40 131 035 0.63 70.76 1516 12.00 0.86 0.29 0.93
255 7147 1671 9.23 1.54 035 0.70 71.02 16.02 1056 135 0.33 0.72
27 7166 1568 10.34 1.29 0.37 0.66 7050 1589 11.07 148 0.36 0.70
28.5 71.07 1581 10.82 1.22 035 0.73 7141 1623 993 139 0.38 066
30 2498 2255 2426 1543 6.63 6.15 7057 1534 1164 137 032 0.75
11 0 70.58 16.85 10.20 1.35 024 0.77 12 7104 1532 1131 129 0.28 0.75
15 69.46 1564 1251 1.31 020 0.88 70.78 1591 1097 128 0.25 0.82
3 67.69 16.14 1381 1.18 025 0.93 7122 1566 11.05 1.09 0.24 0.75
45 67.72 1597  14.08 1.05 0.26  0.93 7190 1537 1074 099 021 0.78
6 69.59 1533 1257 1.33 026 091 7168 15.08 11.20 0.97 0.28 0.79
75 7187 1557 10.53 114 022 0.67 7217 1544 1046 0.85 0.28 0.79
9 7113 16.00 10.99 0.87 0.20 0.80 7415 1433 954 102 022 0.75
10.5 7258  16.23 9.08 1.17 0.24  0.69 69.62 10.73 1656 0.92 031 1.86
12 74.09 1411 9.63 1.00 0.28 0.90 60.93 9.05 26.04 086 049 263
135 64.04 1051 21.95 0.71 042 236 7180 1281 13.09 0.81 043 1.07
15 62.63 9.42 23.72 0.85 056 2.83 7247 1545 993 112 034 069
16.5 7182 12.76  12.96 0.92 038 115 7172 1638 9.66 128 032 064
18 7215 1450 11.40 0.80 037 0.79 7128 1662 979 142 031 056
19.5 7201 1528 10.41 1.30 032 0.68 7161 1567 1027 139 039 0.68
21 7140 1520 1111 1.28 0.34 0.67 7049 1514 1209 128 030 0.71
225 7093 1546 11.42 1.15 033 0.72 69.35 1503 1358 0.98 0.35 0.70
24 70.64 1573 1156 1.17 0.38 0.52 7030 1429 13.06 1.18 0.33 0.84
255 71.04 1458 1213 1.15 031 0.78 70.36 14.04 1330 1.07 0.30 0.92
27 7015 1469 12.89 1.08 0.33 0.86 69.79 1388 1379 135 0.36 0.83
285 70.65 1434  12.69 0.97 035 1.00 69.73 1515 1268 1.20 0.33 0091
30 7032 1458 12.74 1.07 0.38 0.90 69.91 1488 1292 123 0.38 067
13 0 69.42 1461 13.80 1.03 020 0.95 14 7044 1647 1088 138 0.19 0.64
15 71.05 1519 1156 1.25 020 0.75 7024 1699 1084 110 0.19 0.65
3 72.00 1594 9.90 1.29 025 0.61 69.96 15.67 1218 119 0.22 0.78
45 7157 16.86 9.38 1.36 021 061 7043 1492 1210 157 027 0.72
6 70.02  17.68 9.84 1.60 024  0.63 69.21 15.68 13.06 1.16 0.24 0.65
75 7156 16.70 9.72 1.26 021 055 69.75 1549 1256 122 0.23 0.75
9 7081 17.21 9.90 1.27 023 0.58 7052 15.03 1230 124 0.26 0.66
105 7270 1597 9.09 121 0.28 0.74 7229 1540 1023 1.04 0.28 0.77
12 7318 14.04 10.86 0.79 023 0.90 7361 1252 1142 116 0.26 1.03
135 64.09 9.36 22.93 0.71 046 243 59.63 840 2741 088 045 324
15 65.98  10.07  20.62 0.76 048 210 69.84 992 1714 085 040 1.86
16.5 72.67 1243 1243 0.96 042 1.09 7334 1470 974 105 039 0.78
18 7289 1314 11.86 0.96 0.36 0.80 7310 1550 943 082 036 0.79
195 7227 1439 1113 1.16 032 0.74 72.08 1575 9.93 119 040 0.66

407



Meas. Pos. (nm) Fe Cr Ni Mn Si Zr  Meas. Fe Cr Ni Mn Si Zr
13 21 7167 1526 1110 0.97 031 0.70 14 7163 1530 1060 144 0.37 0.66
225 70.63 1515 11.70 1.49 035 0.67 7122 1552 1117 105 0.34 0.70

24 70.24  16.03 11.29 1.47 029 0.68 70.12 1529 1245 0.98 0.35 0.82

255 70.09 1549 11.99 1.39 0.36 0.69 70.65 1457 1267 1.05 037 0.69

27 70.69 1531 11.73 1.18 037 0.72 69.74 1389 1396 1.08 0.35 0.98

28.5 7129 1546  10.99 1.20 041 0.65 68.46 1394 1510 110 0.34 1.05

30 70.88 15.79  10.80 141 034 0.77 69.27 1393 1431 1.02 0.38 1.08

408



HiZr, 400C, 10 dpa

Meas. Pos. (nm) Fe Cr Ni Mn Si Zr  Meas. Fe Cr Ni Mn Si Zr
1 0 70.81 14.01 13.03 1.10 0.30 0.75 2 70.08 1489 1271 119 0.33 0.80
15 7032 1440 12.82 1.40 0.27  0.79 69.40 1474 1366 109 028 0.83
3 70.62 14.60 12.46 1.28 0.26 0.78 69.14 1445 1410 112 0.28 0.92
45 70.66 14.63 12.40 1.28 0.27 0.75 7021 1444 1291 119 031 0.93
6 70.01 14.60 13.26 1.19 0.25 0.67 70.38 1493 1233 119 030 0.87
7.5 70.46 14.69 12.59 1.24 0.27 0.75 7054 1454 1266 124 029 0.74
9 70.22 15.02 12.71 1.05 0.30 0.68 70.28 1563 1179 126 0.25 0.79
10.5 70.84 15.03 12.00 1.11 0.29 0.73 69.93 1593 11.70 143 029 0.73
12 71.17 14.31 12.21 1.26 0.29 0.77 7171 1455 1162 113 0.28 0.71
135 70.42 14.09 13.22 1.13 0.25 0.89 69.66 11.96 1585 099 033 1.21
15 69.46 1251 15.78 0.86 033 1.07 65.81 1156 1996 0.65 037 1.64
16.5 70.18 12.93 14.37 1.22 0.29 1.01 70.32 14.09 1337 096 0.32 0.93
18 7054 1529 12.16 1.07 0.25 0.69 7146 1561 1099 092 031 0.70
195 71.53 15.01 11.26 1.26 0.25 0.69 69.84 16.06 1193 125 0.27 0.66
21 70.93 1543 1147 1.23 0.27 0.67 69.83 16.19 1172 131 024 0.72
22.5 71.24 14.47 12.30 1.12 0.23 0.64 70.09 16.04 1165 126 0.24 0.72
24 70.21 14.96 12.75 1.18 0.27 0.62 69.64 1587 1212 143 024 0.70
25.5 70.75 14.53 12.50 1.26 0.27 0.68 70.25 1543 1208 129 0.25 0.70
27 70.22 14.35 13.51 1.07 0.20 0.65 7023 1493 1238 150 024 0.72
28.5 70.69 14.15 13.07 1.27 0.22 0.60 7050 1499 1236 115 0.26 0.74
30 7096 1433 1277 103 026 065 7047 1472 1276 112 025 0.69
3 0 70.14 15.07 12.76 1.02 0.31 0.70 4 70.04 1523 1242 120 0.29 0.82
15 70.94 1443 1233 1.22 029 0.79 71.06 1489 1190 114 029 0.73
3 71.25 14.42 12.02 1.25 0.31 0.76 69.94 1583 1206 116 0.26 0.74
45 70.60 1426 12.82 1.24 030 0.78 69.30 1504 1329 119 035 0.83
6 70.06 14.81 12.79 131 0.29 0.73 69.36 1524 1320 115 0.29 0.76
75 70.41 15.21 11.99 1.42 0.30 0.68 69.77 16.10 11.78 1.27 029 0.79
9 70.51 15.92 11.38 1.19 0.30 0.71 70.27 1554 1183 138 0.26 0.73
10.5 70.68 15.50 11.36 1.42 0.33 0.71 7112 1584 1062 128 029 0.85
12 71.14 14.78 11.76 1.33 0.29 0.70 7093 1583 1123 096 033 0.72
135 70.15 13.38 14.32 0.96 0.30 0.90 7125 1312 1351 084 029 0.98
15 68.02 1159  17.99 0.78 033 130 66.88 1093 1950 0.65 035 1.70
16.5 69.52 13.04 15.12 0.90 032 110 69.31 1280 1536 0.93 030 1.30
18 70.55 14.46 12.72 1.13 0.29 0.85 7174 1471 1134 116 030 0.75
195 72.03 14.90 11.04 1.15 0.29 0.58 70.73 1550 1155 129 027 0.65
21 70.96 1551  11.06 1.48 027 071 70.99 1552 1110 138 029 0.72
225 70.57 15.14 11.94 1.44 0.30 0.62 7033 1576 1154 141 026 0.70
24 70.20 15.01 12.58 1.27 0.27 0.67 70.09 16.38 11.05 152 0.26 0.70
25.5 70.14 14.88 12.98 1.04 0.27 0.69 69.76 1571 1244 111 0.30 0.69
27 70.18 14.42 12.95 1.43 0.27 0.76 71.02 1431 1248 113 028 0.78
28.5 70.33 14.61 12.77 1.35 0.28 0.66 70.05 1459 1319 108 0.26 0.83
30 70.36 14.95 12.64 1.09 0.27 0.69 69.64 1430 1384 116 025 081
5 0 70.49 14.82 12.42 1.07 0.31 0.89 6 69.91 1384 1401 1.08 031 0.86
15 7042 1521 12.23 1.10 0.27 0.77 7040 1439 1288 1.13 029 0.90
3 70.11 15.24 12.27 1.22 0.30 0.86 70.80 1426 1247 127 029 091
45 69.87 15.57 12.23 1.17 0.30 0.85 7028 1491 1233 131 030 0.86

409



Meas. Pos. (nm) Fe Cr Ni Mn Si Zr  Meas. Fe Cr Ni Mn Si Zr
5 6 69.53 15.92 12.29 1.21 029 0.76 6 70.47 1474 1237 132 030 0.80
75 69.82 1576  12.09 1.20 029 0.85 7073 1439 1235 140 029 0.84
9 70.37  15.77  11.50 1.23 032 0.80 69.88 1575 12.03 136 028 0.69
10.5 7056 1533  11.98 1.05 031 0.77 7024 1612 1127 125 031 081
12 70.49 1391 1349 0.86 033 0.92 70.24 1577 1165 125 031 0.78
135 6746 1281 17.27 0.76 032 137 7160 1406 1204 118 032 081
15 68.07 1231 17.15 0.86 031 1.29 68.51 1222 1687 0.75 036 1.29
16.5 7053 1491 1256 0.94 0.27  0.79 65.78 12.16 1966 053 034 153
18 7117 1548 11.25 111 026 0.72 69.67 1315 1489 0.88 032 1.10
195 7043 1589 1133 1.29 029 0.76 7055 1518 1201 118 030 0.77
21 70.09 1596 11.63 1.40 0.25 0.67 7028 1572 1142 153 028 0.77
225 70.40 1579 1155 1.33 0.28 0.65 69.99 1631 1126 144 031 0.69
24 70.28 1501 12.36 1.45 0.27 0.64 7016 16.05 1168 114 026 0.70
255 70.45 15.09 1244 1.08 0.26  0.67 69.73 1574 1250 1.06 026 0.71
27 7044 1451 1291 1.18 0.26 0.70 69.23 1514 1326 122 026 0.89
285 7052 1462 1291 0.91 030 0.74 69.37 15.01 1355 1.11 026 0.70
30 7051 1398 13.33 1.22 0.28 0.68 69.51 1491 1337 123 025 0.73
7 0 69.47 1451 1354 131 0.28 0.88 8 68.08 1572 1335 145 048 0.92
15 7030 1519 12.10 1.27 034 081 67.69 1623 1349 113 043 1.03
3 7025 1575  11.56 1.30 031 0.82 68.86 1633 1225 111 054 0091
45 70.08 1557 12.14 1.07 031 0.83 68.17 17.09 11.87 148 049 0.90
6 69.82 1561 12.25 1.09 033 091 68.39 1681 1210 136 045 0.89
75 69.69 1539 12.35 1.40 034 0.82 68.61 1660 1226 114 050 0.89
9 70.74 1580 11.32 1.05 030 0.78 67.66 1555 1406 1.18 047 1.08
10.5 70.64 1652  10.65 1.10 031 0.78 68.50 1379 1474 111 052 135
12 7142 1496 11.18 1.28 032 085 68.03 1350 1550 090 053 154
135 7021  13.07 14.40 0.80 039 112 66.92 1346 1647 095 048 171
15 65.88 1151  20.07 0.52 035 167 68.03 1514 1370 1.06 042 165
16.5 6710 1199 18.64 0.53 032 142 69.21 1580 1186 138 038 1.37
18 71.08 1325 13.76 0.77 030 0.84 68.33 17.20 11.71 127 031 1.19
19.5 70.05 1597 1154 1.45 029 071 69.16 1668 11.33 140 039 1.05
21 70.18 16.56  10.92 1.39 0.26  0.69 68.17 16.75 1243 114 038 113
225 69.97 1596 11.83 1.34 0.25 0.66 68.94 1609 1232 120 034 110
24 69.66  16.61  11.46 1.40 029  0.60 69.32 1546 1258 1.13 034 116
255 70.24 1520 12.33 1.26 030 0.68 69.05 1593 1225 125 039 114
27 7037 1475 12.48 1.36 0.27 0.77 68.83 1666 11.75 124 036 1.16
285 70.05 15.64 12.04 1.17 031 0.79 68.29 16.79 1245 116 032 098
30 69.26 1515 1331 1.23 023 081 68.00 1656 1273 122 030 1.19
9 0 67.16 1494 1485 1.36 052 117 10 67.89 16.68 1290 1.04 044 1.05
15 67.15 1545 1464 1.13 053 111 6754 1594 1367 134 045 1.07
3 68.28 1590 13.61 0.81 049 091 67.84 1698 1246 117 051 1.05
45 67.69 16.61 12.90 1.28 0.44  1.09 68.58 17.22 1167 124 042 0.88
6 68.22 16.88 1211 1.33 047  1.00 68.56 1692 1166 137 051 0.99
7.5 68.72 17.31  11.27 1.37 051 0.83 6799 16.28 1285 144 046 098
9 68.52 16.44  12.07 1.46 050 1.00 67.97 1637 1279 123 048 1.16
10.5 68.74 1523 13.18 121 0.58  1.06 67.86 16.03 1343 125 045 0.97
12 66.65 1427  15.98 0.98 044 168 68.40 1456 1422 096 051 134

410



Meas. Pos. (nm) Fe Cr Ni Mn Si Zr  Meas. Fe Cr Ni Mn Si Zr
9 135 66.11 13.39 1741 0.80 046 182 10 6751 1333 16.02 084 050 1.80
15 67.61 1443 1485 1.00 046 1.64 66.50 14.12 1629 0.76 038 1.95
16.5 69.49 1593 11.83 1.14 037 125 68.47 1530 1317 116 039 151
18 69.20 17.74 10.24 1.44 039 0.99 69.57 1641 1138 113 037 115
19.5 68.14 17.19 11.78 1.52 031 1.06 68.73 16.86 1159 127 038 1.16
21 68.25 1713  11.97 1.16 037 111 69.28 1665 11.31 138 029 1.08
225 68.18 1729  11.92 1.17 035 1.08 68.87 16.21 12.04 151 030 1.07
24 68.19 16.38 12.62 1.39 037 1.05 6789 1599 1341 116 036 1.19
255 68.46 1592 12.87 1.24 035 1.16 68.61 1506 13.74 106 036 1.17
27 68.58 1578 1271 136 037 1.20
28.5 68.45 16.10 1279 115 035 1.16
30 6841 1552 1334 103 038 132
11 0 7041  14.04 13.22 1.35 025 0.74 12 6925 1531 1329 129 0.20 0.66
15 7048 1390 1341 1.22 0.28 0.69 68.90 1557 1313 126 031 0.82
3 70.02 1438 1345 1.24 0.26  0.66 69.62 1575 1265 095 026 0.76
45 69.62 1545 12.56 1.40 0.24 0.73 69.00 1597 1239 168 021 0.75
6 69.77 1532 12.38 1.54 027 0.73 70.25 15.61 1237 0.88 024 0.65
75 7012  16.07 1142 1.50 029 0.59 7139 1501 1127 126 029 0.78
9 7114 1545 10.82 1.68 0.30 0.60 7174 1416 1194 111 035 0.71
10.5 68.80 1335 15.39 1.08 042 0.96 68.52 1197 1710 100 030 1.12
12 68.25 1156  17.56 0.88 030 1.46 68.58 1222 16.77 0.88 035 1.20
135 68.23 1230  17.00 1.00 036 1.10 69.71 1245 1527 106 037 115
15 69.67 13.16 1491 1.01 030 0.94 7036 1385 1312 134 027 1.05
16.5 70.03 1446 1299 1.61 024 0.67 70.70 1486 1190 137 032 085
18 69.88 1501 12.78 1.25 023 0.85 7101 1466 1181 146 025 0.81
19.5 70.35 1434 1298 1.29 027 0.77 71.02 1620 1091 0.89 021 0.78
21 7166 1426 1184 1.15 030 0.79 71.08 1490 1183 115 027 0.77
225 7219 1417 10.88 1.62 032 082 69.30 15.02 1337 112 025 094
24 7150 1456 1134 1.57 020 0.83 68.60 1433 1472 106 030 0.9
255 7150 1444 1174 1.31 019 0.82 68.36 1394 1562 0.89 026 0.93
27 7035 1452  12.67 1.27 030 0.89 69.38 1300 1504 131 029 0.97
285 69.97 13.73  14.20 1.02 024 0.85 68.61 13.08 16.14 1.00 022 096
30
13 0 68.29 1566  13.19 1.22 052 111 14 6924 1503 1348 117 032 0.76
15 66.83 1505 1543 1.22 042 1.04 68.49 1546 1375 127 024 0.79
3 6594 1539 15.70 1.15 047 135 69.83 1560 1252 106 031 0.68
45 66.14 1519 15.30 1.62 048 1.27 69.43 1543 1295 143 028 048
6 67.78 1532 1397 1.20 044 129 70.14 1615 1121 150 025 0.75
75 68.67 16.26  12.39 1.14 047 1.07 69.55 1599 1172 174 037 0.64
9 69.17 16.70 11.42 1.24 052 0.95 70.14 1557 1186 144 028 0.70
105 68.64 1726  11.23 1.40 054 0.94 7141 1611 1080 0.87 028 054
12 67.88 17.28 1212 1.10 049 114 70.74 1515 1178 161 026 0.46
135 66.65 1504 1531 1.25 051 125 7277 1190 1275 124 029 1.05
15 66.86 13.79  16.53 0.69 045 1.69 64.48 10.76 2198 0.63 041 174
16.5 66.92 1334 16.76 0.71 047 179 68.55 1124 1761 0.75 037 147
18 67.83 1442 1488 0.99 0.40 148 7199 1327 1210 144 037 084
195 68.19 16.23 12.68 1.33 035 121 7049 1431 1277 127 030 0.85

411



Meas. Pos. (nm) Fe Cr Ni Mn Si Zr  Meas. Fe Cr Ni Mn Si Zr
13 21 68.52 1658 11.81 1.49 037 124 14 7050 15.64 1154 147 031 054
225 68.70 1586 12.64 1.29 036 1.14 7153 16.17 1005 118 032 0.74
24 67.64 17.05 1248 1.35 039 1.09 69.56 1515 13.01 135 028 0.66
255 67.96 17.16  11.99 1.36 031 122 69.96 1387 1361 142 024 0.90
27 68.31 16.21  12.65 1.35 036 112 7147 1450 1186 1.02 024 091
28.5 67.89 1566 13.64 1.22 036 1.23 69.57 1427 1407 103 025 0.82
30 68.46  16.21 1234 1.43 045 112
15 0 69.31 16.23  12.09 1.40 0.36 0.61 16 68.13 1390 1537 134 032 094
15 7015 1635 1141 1.20 0.24  0.66 68.75 1338 1550 110 029 0.98
3 7042 1425 12,58 1.49 031 0.94 6760 1428 1579 105 035 0.93
45 69.04 1520 13.40 131 0.27 0.78 69.26 1474 1375 116 029 0.80
6 69.66 1438 13.84 1.26 0.20 0.66 70.65 1537 11.82 128 024 0.64
7.5 69.29 1412 14.13 1.54 024 0.67 70.49 16.08 11.12 144 027 0.60
9 70.75 1493 11.82 1.30 031 0.90 68.79 17.71 1114 136 028 0.72
10.5 7167 1468 11.66 1.02 029 0.68 69.47 16.71 1137 139 030 0.76
12 7124 1256 14.01 1.04 0.22 0.93 7187 1415 1140 169 028 0.62
135 65.15 10.97 21.24 0.59 045 161 68.54 1256 16.38 1.02 033 1.17
15 69.33 11.75 16.10 1.13 041 129 66.89 1056 20.04 082 033 1.35
16.5 7189 1412 1158 1.31 0.23 0.87 69.72 1239 1546 1.08 0.39 0.97
18 71.06 1514 11.32 1.15 030 1.04 70.82 1452 1199 142 029 0.97
19.5 70.94 1458  11.87 1.45 029 0.86 69.41 1664 1171 124 025 0.75
21 70.87 1444 1226 1.30 0.26 0.88 7112 1550 11.03 117 028 0.90
225 70.86 1447 12.35 1.28 021 0.83 7017 1431 1312 127 031 081
24 7059 15632 12.05 1.03 025 0.76 7016 1451 1310 116 027 081
255 70.58 14.05  13.07 1.21 025 0.83 70.89 1327 1360 125 028 0.71
27 71.01 1464 11.98 1.25 0.26  0.86 70.70 13.96 1290 134 026 084
285 7117 1471 1170 1.28 029 0.84 69.37 1348 1481 108 032 0.95
30 69.61 1345 1490 091 030 0.82
17 0 7114  16.23 10.17 1.53 0.26  0.66 18 6939 1406 1446 1.08 0.24 0.78
15 7046 16.01  11.30 1.32 0.26  0.65 69.52 1390 1437 112 029 0.80
3 69.56 16.46  11.63 1.36 027 0.72 70.27 14.02 1358 122 021 0.70
45 69.78 1559  12.40 1.26 025 071 70.80 1561 1158 124 022 054
6 7099 1477 1197 1.23 027 0.77 70.70 1520 11.73 136 024 0.77
75 69.28 1490 1341 1.48 0.25 0.67 69.91 1561 1259 106 027 057
9 70.08 1546  12.23 1.17 0.27 0.78 70.13 15.09 1238 132 035 0.71
10.5 7119 1422 1239 1.15 035 071 67.71 12,63 17.16 0.81 037 132
12 68.38 1153 17.71 0.83 025 1.29 68.85 11.14 1768 0.66 038 1.28
135 68.87 1031 1855 0.56 036 1.36 69.77 1232 1565 0.87 036 1.02
15 69.42 12.02 16.06 0.91 036 1.23 7126 1424 1217 099 031 1.03
16.5 70.65 1412  13.00 1.12 030 0.80 70.00 1497 1217 159 034 092
18 7050 1521 12.35 1.00 0.27  0.67 7034 1456 1256 146 020 0.87
19.5 7056 1511  12.05 1.20 029 0.79 69.48 14.96 1293 137 027 099
21 71.01 1520 1143 1.36 0.28 0.72 7133 1382 1233 146 026 081
225 7170 1476 1141 1.21 0.27  0.65 69.59 13.87 1398 127 027 101
24 7034 1501 12.26 1.24 030 0.85 7025 1328 1416 105 029 0.96
255 69.99 15,60 12.44 1.08 021 0.67 70.13 1339 1425 104 025 095
27 70.71 1507 11.60 1.44 0.33 0.86 7015 1390 1377 123 028 0.67
285 7179 1407 1192 1.24 029 0.70 70.26 1430 1315 123 030 0.74
30

412



Ref-Hf, 400C, 3 dpa, 3.2 MeV p+

Meas. Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
1 0 62.39 19.84 12.15 2.24 242  0.96 2 63.55 19.12 1268 154 212 0.98
15 62.97 19.79 12.15 1.85 2.32 0.92 6432 1869 1267 154 195 0.83
3 63.64 1999 11.73 1.43 224 097 6450 1860 1260 1.68 183 0.79
45 62.64 19.57 12.95 1.76 2.05 1.03 65.89 19.06 1144 1.25 154 081
6 63.11 19.48  13.09 1.35 1.86 1.10 67.18 16.72 1248 116 150 0.96
75 63.16 19.23 13.20 1.45 1.87 1.09 65,51 1322 18.08 0.67 117 134
9 6456 19.09 12.24 1.50 174 0.87 5593 1021 2932 077 135 242
105 6542 19.08 1158 1.33 174 0.86 66.26 17.40 1252 112 164 1.06
12 66.00 18.76 11.47 1.30 155 0.93 64.14 1946 1252 121 158 1.08
135 67.58 16.90 12.17 0.92 144 0.99 64.10 18.75 12.77 157 1.74 1.06
15 62.92 12.86 20.48 0.90 1.37 1.48 64.01 1838 13.05 151 188 1.16
16.5 58.32 10.54 27.04 0.69 1.27 2.15 62.43 19.83 13.33 1.50 193 097
18 64.15 14.42 17.84 0.58 1.38 1.62 62.77 19.80 1289 150 2.03 1.01
19.5 65.98 18.40 11.92 111 1.64 0.95 62.03 2035 1255 149 237 121
21 64.40 18.92 11.92 1.74 1.88 1.14 62.68 19.89 1199 193 248 1.03
225 62.70 20.55 12.19 1.59 1.94 1.04 62.87 1944 1240 177 231 121
24 62.49 20.15 12.30 1.62 2.31 1.14
255 61.85 20.60 1239 171 232 113
27 61.97 20.16 12.41 1.85 2.46 1.16
285 6259 2014 1221 169 225 111
30 62.59 19.83 12.66 1.45 241 1.06
3 0 63.74 19.61 11.92 1.80 2.04 0.90 4 6231 2052 1240 158 228 0.90
15 63.32 19.58 12.49 1.79 1.85 0.97 62.34 2081 1229 151 218 0.87
3 63.14 20.21 12.30 1.36 2.03 0.95 62.72 2024 1273 124 2.09 0.98
45 63.15 19.84 12.68 1.37 2.02 0.94 63.55 1878 1351 1.17 194 1.05
6 63.57 1941 1248 1.46 2.05 1.03 63.10 1896 1365 141 189 0.98
75 64.13 1933 1245 1.54 1.80 0.76 6251 1882 1462 126 178 1.01
9 64.28 19.67 11.98 1.56 1.67 0.85 63.89 1796 1394 157 160 1.04
105 65.03 19.43 1173 1.30 1.63 0.88 64.18 18.16 1363 136 163 1.03
12 67.24 1749 11.88 0.83 1.63 0.93 66.09 17.89 1261 094 146 1.02
135 64.82 1297 18.66 0.78 149 1.28 67.17 1621 1342 0.68 146 1.05
15 58.28 11.59 26.03 0.57 149 2.03 56.48 10.88 2852 0.74 133 2.06
16.5 65.73 17.25 13.28 0.98 151 1.24 65.46 15.08 15.92 0.75 142 137
18 65.30 19.29 11.53 1.12 1.73 1.02 66.06 1859 1157 1.06 148 1.24
19.5 64.32 19.32 11.97 142 191 1.06 64.67 18.84 1253 1.29 171 0.96
21 63.74 19.56 12.37 1.33 1.95 1.06 62.95 18.95 13.74 1.45 191 1.00
225 62.77 19.83 12.61 1.72 1.99 1.09 62.79 18.79 13.89 1.49 180 1.25
24 62.54 19.64 13.18 1.54 2.00 1.10 6251 19.11 1379 145 197 1.17
255 62.30 19.20 13.43 1.75 217 1.15 62.20 1954 1331 159 217 119
27 63.55 19.11 12.71 1.37 2.07 1.18 62.02 1961 1350 1.63 2.18 1.06
285 63.58 18.72 13.30 1.31 191 1.17 61.92 19.82 1344 151 233 0.96
30 62.87 18.83 13.56 1.80 1.89 1.05 62.01 20.17 1266 1.62 244 1.10
5 0 62.61 20.28 11.88 1.87 2.40 0.96 6 62.28 2020 1249 1.64 243 0.97
15 62.73 19.91 1251 1.58 2.30 0.96 61.98 2031 1292 147 220 112
3 62.70 19.91 12.52 1.58 2.33 0.97 63.00 1943 1310 137 208 1.01
45 62.59 20.31 12.68 1.40 2.18 0.85 6255 19.38 13.60 1.61 191 0.9

413



Meas. Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si

5 6 6540 1858  13.99 0.79 1.02 021 6 62.95 1952 13.01 160 194 0.98
75 67.06 18.24 12.82 0.68 0.96 0.23 63.66 19.78 1257 1.22 1.79 0.98
9 67.66 1750 13.11 0.62 090 0.20 63.78 1899 1326 123 181 0.94
105 69.37 1521 13.63 0.63 093 0.22 6425 1883 1316 0.88 186 1.02
12 63.37 1170 23.11 0.57 0.82 043 66.11 18.13 1226 106 151 0.94
135 62.58 11.07 24.11 0.72 1.08 043 66.57 1647 1361 099 133 1.02
15 68.24 1582 14.18 0.57 091 0.28 6181 1206 2230 0.64 147 172
16.5 6731 1801 12.38 0.97 1.06 0.27 60.90 1151 2351 0.78 131 1.98
18 66.97 18.72 12.13 0.71 1.22 0.24 66.85 17.28 12.11 0.89 157 1.30
195 65.38 19.29 12.84 1.00 1.25 0.25 64.60 19.31 1221 1.12 161 1.15
21 65.13 19.12 13.29 1.00 1.23 0.23 64.21 19.17 1219 1.39 192 1.10
225 64.86 19.20 13.55 1.00 1.15 0.24 63.32 19.78 12.68 1.15 192 1.16
24 64.56 19.28 13.69 1.13 1.09 0.25 63.28 19.72 1266 126 2.04 1.04
255 65.31 18.39 13.90 0.84 1.32 0.24 62.67 19.10 1315 165 229 114
27 65.31 18.82 13.17 0.97 1.46 0.26 62.74 19.75 1285 156 2.01 1.09
285 64.93 19.58 12.52 117 154 0.27 63.11 19.98 1228 1.56 199 1.08
30 65.69 19.32 12.42 1.03 1.32 0.22 63.33 19.28 1251 160 220 1.08
7 0 61.71 19.49 13.60 1.80 2.23 117 8 64.53 1945 1223 1.43 161 0.76
1.5 62.22 20.13 12.77 1.58 2.27 1.04 64.60 19.78 11.69 1.42 1.64 0.87
3 61.52 20.39 12.81 1.92 242 0.94 64.99 1953 11.68 1.46 150 0.83
45 61.95 20.21 12.73 1.73 2.46 0.92 64.97 19.13 1181 145 1.70 0.93
6 62.70 19.81 12.72 1.53 2.30 0.93 64.77 1875 12,67 134 167 0.80
75 63.06 19.38 12.86 1.36 2.27 1.07 65.89 1758 1281 1.08 167 0.97
9 63.81 19.72 12.46 1.10 2.02 0.89 66.77 17.15 12.63 1.07 146 0.93
105 64.32 18.71  13.18 1.17 175 0.86 66.22 1665 14.06 0.65 155 0.88
12 65.62 17.35 13.32 1.19 157 0.96 66.68 1453 1544 0.77 148 1.10
135 66.25 16.04 1411 104 154 101 6457 1412 17.92 087 129 1.23
15 62.15 1253 21.19 0.84 165 1.65 6154 1248 2219 080 140 159
16.5 61.94 1256 21.33 0.88 135 194 62.32 1154 2262 050 160 143
18 66.61 17.02 12.92 0.97 142 107 64.64 1159 2020 0.89 134 135
195 64.89 1838 1257 1.26 176 114 65.80 1393 1672 0.83 160 1.11
21 63.38 19.09 13.29 1.55 1.60 1.08 66.78 15.33 14.40 0.93 144 112
225 63.25 18.83 13.55 142 1.73 1.22 67.12 16.68 1265 0.84 172 1.00
24 63.15 18.83 13.09 1.83 1.93 1.16 67.22 1735 1190 0.95 1.60 0.98
255 63.14 19.08 12.78 1.67 2.20 1.13 65.16 1851 12.07 1.46 179 1.01
27 62.49 19.38 13.33 151 2.09 1.19 65.05 18.69 11.96 1.46 170 1.15
285 62.96 19.31 12.94 1.52 2.10 117 65.22 18.60 11.96 1.42 183 0.97
30 63.29 19.47 12.63 1.49 2.08 1.04 64.07 1925 1234 144 182 1.08
9 0 62.34 20.35 12.33 1.56 2.46 0.96 10 6453 19.45 1223 143 161 0.76
15 62.44 20.04 12.58 191 2.18 0.85 64.60 19.78 11.69 142 164 0.87
3 61.49 20.96 1251 1.71 231 1.02 6499 1953 11.68 1.46 150 0.83
45 61.86 20.52 12.49 1.59 2.56 0.98 6497 19.13 1181 145 1.70 0.93
6 61.91 20.47 12.73 1.87 2.09 0.93 64.77 1875 12,67 134 167 0.80
75 63.32 19.17 13.07 1.62 1.85 0.97 65.89 1758 1281 1.08 167 0.97
9 63.29 18.77 13.80 1.27 194 0.93 66.77 17.15 12.63 1.07 146 0.93
105 6452 1814 1344 121 169 1.00 66.22 1665 1406 065 1.55 0.88
12 66.02 17.52 1251 1.29 1.58 1.08 66.68 1453 1544 0.77 148 1.10

414



Meas. Pos. (nm)  Fe Cr Ni Mn Mo Si  Meas. Fe Cr Ni Mn Mo  Si

9 135 65.75 1497 1526 090 158 154 10 6457 1412 1792 087 129 123
15 59.22 1159 25.01 0.73 143 2.02 6154 1248 2219 080 140 159
16.5 6319 1465 1827 071 166 151 62.32 1154 2262 050 160 1.43
18 6525 18.07 1288 117 139 1.24 64.64 1159 2020 089 134 135
195 64.99 1862 1251 104 163 121 6580 1393 1672 083 160 1.11
21 63.87 1819 1355 135 172 133 66.78 1533 1440 093 144 112
225 62.90 1869 1401 118 194 1.28 6712 1668 1265 084 172 1.00
24 62.95 19.63 1322 111 202 1.07 6722 1735 11.90 095 160 0.98
25.5 6253 1950 13.10 1.47 209 132 6516 1851 1207 146 179 101
27 61.96 19.46 1355 1.40 224 140 65.05 1869 1196 146 170 115
28.5 6248 1997 12,63 1.58 219 115 6522 1860 1196 142 183 0.97
30 63.26 19.69 1257 1.40 213 0.96 64.07 1925 1234 144 182 1.08
11 0 65.75 1929 1254 0.79 126 037 12 6339 2001 1312 163 138 0.48
15 6543 18.78  12.66 1.25 140 048 64.82 1998 1290 113 106 0.11
3 6536 19.19 12.72 1.05 120 047 64.78 1867 1365 146 129 0.15
4.5 66.37 1835 1252 0.92 113 072 6454 1969 1359 098 093 0.28
6 66.06 18.67 12.93 0.98 1.06 031 64.96 1895 1367 118 113 0.10
75 66.46 1891 1212 0.93 1.06 052 65.86 19.14 1313 110 075 0.02
9 66.76  18.73 12.12 0.91 114 034 66.44 18.18 1271 106 136 0.25
10.5 66.60 19.34 11.49 0.56 122 079 67.78 18.15 1208 0.83 094 0.23
12 67.68 19.12 11.64 0.53 081 0.23 68.87 1755 1190 091 064 0.13
135 69.63 16.88 1218 048 054 0.29 70.01 1529 1307 045 0.76 043
15 6849 1432 1526 066 065 0.63 64.69 1212 2065 075 0.76 1.03
16.5 6181 1239 2286 -0.02 117 1.80 61.74 1204 2360 054 100 1.08
18 60.31 1246 2453 -003 091 181 67.69 1438 1594 0.73 057 0.68
195 69.01 1647 1286 035 090 0.40 67.31 1748 1274 072 125 049
21 67.70 1754  11.98 0.99 122 057 66.85 18.17 1225 136 117 021
225 66.74 1811 1283 042 125 0.65 66.70 1850 1222 103 150 0.05
24 6513 1892 1322 100 107 0.66 64.65 19.42 1290 142 141 020
25.5 65.90 1854 12,60 087 147 061 65.09 1865 1297 128 181 0.20
27 64.74 1838 1396 080 166 0.46 6452 1924 1281 136 169 0.39
28.5 6450 19.09  13.67 0.82 132 0.60 6542 19.04 1277 098 151 0.27
30 65.22 18.40  13.80 0.96 126 036 64.77 1925 1286 131 156 0.26
13 0 6545 1971 1250 0.44 144 045 14 6443 1900 1382 146 112 0.17
15 65.94 1873  12.87 0.90 120 036 63.55 20.16 1341 145 125 0.17
3 66.42 18.19 13.01 0.87 110 042 63.95 1921 1398 127 132 0.28
4.5 65.38 1990 12.90 0.39 097 0.46 64.64 1916 1339 121 140 0.20
6 66.23 1854  12.95 1.07 0.56  0.65 64.76 1941 13.07 153 122 0.00
75 66.07 18.84 13.24 0.34 096 0.54 65.26 1893 1321 117 119 0.24
9 67.83 1743 1241 1.00 0.89 045 65.99 19.17 1258 121 092 0.12
10.5 6743 1773 1254 0.94 1.00 037 66.24 1911 1220 088 116 0.40
12 67.96 1777  12.67 0.45 0.70 045 67.74 17.73 1265 114 060 0.15
135 69.39 1490 1402 026 068 0.75 68.75 1391 1553 052 0.76 0.3
15 65.14 11.28 20.58 0.25 115 1.60 6343 1239 2171 045 064 137
16.5 63.14 1188 21.92 0.29 1.01 176 64.03 1349 2041 019 092 0.96
18 66.92 1401  16.39 0.70 094 1.04 66.78 1650 1476 051 099 0.46
195 6737 1726  12.62 0.89 134 052 6729 1746 1244 111 131 0.39

415



Meas. Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
13 21 66.45 1957 11.92 0.36 134 0.36 14 6520 1889 1345 097 127 022

225 66.85 18.06 12.50 0.85 127 048 63.96 1951 1326 1.07 166 054

24 65.21 1867 13.29 0.67 155 0.62 64.43 1927 1357 097 156 0.19

255 66.31 18.07 12.34 1.27 158 044 63.85 19.04 1379 130 163 0.39

27 65.00 19.26 13.02 0.62 173  0.37 63.88 1953 1335 148 152 0.24

28.5 64.06 1922 1354 1.20 151 047 64.23 19.38 13.08 123 167 041

30 64.94 1888 13.32 0.87 171 0.29 65.10 19.18 1276 105 145 0.46
15 0 64.24 19.28 13.64 1.27 1.18 0.39 16

15 63.75 19.30 13.74 1.43 144 0.33

3 64.05 19.37 13.36 1.52 1.27 0.43

4.5 65.42 19.56 13.02 0.80 1.04 0.17

6 63.54 20.04 13.56 1.45 1.13 0.27

7.5 64.66 20.55 12.46 1.23 113 -0.02

9 65.95 19.59 12.26 1.18 0.87 0.15

105 67.42 18.39 12.10 1.07 0.80 0.21

12 67.10 17.58 13.24 0.97 0.74 0.36

135 67.93 14.79 15.72 0.61 0.58 0.37

15 59.18 11.93 26.40 0.25 0.85 1.39

16.5 64.98 15.02 17.61 0.48 0.88 1.03

18 67.70 1655 13.61 0.61 1.05 0.0

19.5 66.33 18.32 13.16 0.72 1.09 0.39

21 65.77 17.59 14.76 0.75 0.80 0.32

225 65.60 17.05 15.36 0.73 085 041

24 65.10 17.13 15.27 1.02 1.16 0.31

255 64.45 16.88 15.93 0.89 131 055

27 65.27 1793  13.67 1.08 156 0.49

28.5 65.10 18.88 13.76 0.65 127 034

30 65.04 19.01 13.27 1.01 134 033

416



Ref-Hf, 400C, 3 dpa, 2 MeV p+

Meas. Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si

1 0 65.56 18.26  14.09 0.87 096 0.26 2 6546 18.00 1440 0.78 113 0.23
15 65.75 17.87 14.01 1.11 1.02 0.23 63.52 1766 16.61 0.87 1.06 0.28
3 65.97 1820 13.59 0.95 1.05 0.23 6490 1766 1511 105 101 0.27
4.5 64.72 17.64 15.30 1.02 1.12 0.21 65.73 1784 1411 0.99 112 021
6 66.07 1793 13.64 1.12 1.01 0.23 66.03 1836 13.35 0.89 117 0.21
75 6543 1823 14.25 0.88 099 0.23 64.88 19.13 1371 092 114 0.22
9 65.37 1896 13.38 0.92 115 0.22 66.02 19.08 1274 091 103 0.23
105 67.74 1757 12.68 0.81 097 0.23 69.10 1659 1253 055 098 0.26
12 67.05 15.87 15.24 0.75 0.82 0.27 66.27 12,79 1921 045 0.92 0.36
135 60.14 11.69 25.99 0.66 1.06 0.46 63.46 1220 22.46 0.48 1.03 0.37
15 67.56 14.02 16.80 0.41 0.87 0.34 65.47 1335 1932 046 098 0.43
16.5 68.81 16.32 13.06 0.75 0.79 0.28 68.90 16.14 1282 095 094 0.25
18 68.49 17.49 12.07 0.81 0.94 0.20 67.83 18.27 1195 0.68 1.02 0.25
195 66.68 18.80 12.37 0.85 1.07 0.23 66.56 18.85 12.49 0.69 118 0.24
21 65.35 19.76 12.31 1.16 117 0.25 65.59 19.30 12,57 0.99 135 0.20
22.5 65.16 19.74 12,51 1.09 1.25 0.24 65.25 19.23 1290 1.05 133 024
24 64.06 20.41 12.96 1.02 131 0.24 65.27 18.61 13.08 1.46 136 0.21
25.5 64.51 20.04 12.56 1.18 142 0.28 64.55 1844 1423 131 117 0.29
27 65.47 19.49 12.21 1.26 1.34 0.23 64.26 19.54 1351 1.17 127 0.26
28.5 64.08 19.78 13.50 0.95 142 0.26 65.30 19.27 1272 1.10 134 0.26
30 63.94 19.70 13.23 1.25 1.64 0.24 64.21 19.68 13.02 1.27 156 0.25
3 0 65.16 19.11 13.45 0.79 1.28 0.20 4 65.79 1845 13.32 1.07 116 0.19
15 65.07 19.21 13.21 1.01 1.32 0.18 64.62 19.70 13.23 1.05 117 0.23
3 65.37 18.77 13.08 1.26 1.30 0.22 64.77 19.42 1342 0.90 1.29 0.20
45 66.27 17.62 13.64 1.05 1.22 0.22 65.45 19.11 13.00 1.03 124 0.17
6 66.40 18.62 12.65 1.01 111 0.22 65.74 1950 1246 101 108 0.20
75 66.73 1831 12.70 0.91 113 021 66.27 19.08 1263 0.74 109 0.19
9 67.72 1795 12.20 0.81 110 021 67.89 1751 1249 096 095 0.20
105 69.38 1635 12,52 0.62 094 0.19 66.40 1435 1742 065 090 0.28
12 64.60 12.05 21.45 0.70 0.82 0.38 62.83 1208 2295 0.65 105 044
135 66.34 18.49  12.77 1.03 110 0.28 68.52 1641 1317 064 105 0.22
15 65.30 18.78 13.60 0.86 1.22 0.24 67.09 18.79 12.02 0.83 1.01 0.25
16.5 64.85 19.33 13.46 1.04 1.06 0.26 65.21 19.76 1247 1.25 110 0.22
18 65.63 19.00 12.89 1.02 1.16 0.31 65.79 1946 12.10 1.10 131 0.23
195 65.54 18.87 12.77 1.18 1.36 0.28 64.30 19.78 13.25 1.03 138 0.25
21 64.50 19.49 13.32 0.98 142 0.29 65.07 19.37 1254 1.26 150 0.25
22.5 65.02 18.93 13.27 1.18 1.33 0.27 63.90 20.23 13.14 1.05 143 0.26
24 63.62 20.21 13.42 1.00 1.52 0.23 64.27 19.66 1311 1.22 151 0.23
255 64.35 19.10 13.63 1.23 1.44 0.25 64.34 2048 1216 1.13 163 0.27
27 65.13 19.04 13.26 0.96 1.39 0.22 63.63 19.70 1349 1.23 169 0.27
28.5 65.62 19.14 12.78 0.80 1.34 0.31 6433 1998 1241 135 167 0.26
30 65.04 19.74 12.22 1.23 147 0.30 64.47 19.67 13.08 0.93 159 0.27
5 0 64.77 18.91 13.67 1.11 131 0.24 6 64.68 19.64 1287 1.15 144 0.21
15 64.95 19.27 13.45 0.93 1.18 0.22 64.99 1951 1267 1.19 144 0.21
3 65.05 18.73 13.80 0.96 124 0.23 64.26 19.73 1330 1.18 130 0.22
45 65.76 18.44 13.67 0.92 0.98 0.22 65.39 1873 1337 1.01 126 0.24

417



Meas. Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si

5 6 6540 1858  13.99 0.79 1.02 021 6 65.65 1924 1275 105 112 0.20
7.5 67.06 18.24 12.82 0.68 0.96 0.23 65.50 19.17 1292 1.01 119 021

9 67.66 1750 13.11 0.62 090 0.20 65.96 19.11 1295 0.80 095 0.22

105 69.37 1521 13.63 0.63 093 0.22 68.37 1743 1231 076 091 0.22

12 63.37 1170 23.11 0.57 0.82 043 68.13 1626 13.70 0.80 092 0.19

135 62.58 11.07 24.11 0.72 1.08 043 68.30 1525 1441 086 094 0.24

15 68.24 1582 14.18 0.57 091 0.28 6221 1149 2444 041 099 046

16.5 6731 1801 12.38 0.97 1.06 0.27 66.00 13.87 18.47 047 084 0.35

18 66.97 18.72 12.13 0.71 1.22 0.24 69.15 16.78 1226 059 0.93 0.28

195 65.38 19.29 12.84 1.00 1.25 0.25 67.60 17.94 12.38 0.82 1.00 0.26

21 65.13 19.12 13.29 1.00 1.23 0.23 66.06 18.68 13.05 0.95 1.02 0.24

22.5 64.86 19.20 13.55 1.00 1.15 0.24 65.74 1937 1252 094 119 0.24

24 64.56 19.28 13.69 1.13 1.09 0.25 65.66 19.38 12.48 0.92 132 0.23

25.5 65.31 18.39 13.90 0.84 1.32 0.24 64.86 19.67 12.75 1.06 139 0.26

27 65.31 18.82 13.17 0.97 1.46 0.26 64.67 19.96 12.46 1.07 159 0.25

28.5 64.93 19.58 12.52 117 154 0.27 64.26 20.12 12.67 1.23 147 0.25

30 65.69 19.32 12.42 1.03 1.32 0.22 64.72 1948 13.26 091 137 0.27

418



LoHf, 400C, 3 dpa

Meas. Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si

1 0 65.65 18.05 14.06 0.94 1.03 0.27 2 66.09 18.05 13.37 1.11 1.08 0.29
15 65.87 18.01 13.95 0.70 118 0.29 65.98 1794 1374 100 103 031
3 66.48 18.17 13.27 0.80 1.03 0.25 66.39 18.00 13.20 0.98 114 0.29
45 65.55 19.44 12.88 0.78 1.08 0.28 65.88 1877 1286 1.01 121 0.28
6 66.57 18.63 12.20 1.33 1.04 0.23 65.28 19.72 1244 1.01 131 024
7.5 66.62 18.68 12.33 1.02 1.12 0.24 65.69 19.03 1251 1.13 140 0.24
9 67.52 17.58 12.35 117 1.15 0.23 65.98 19.20 12.39 0.83 134 0.26
10.5 67.79 17.98 12.40 0.67 0.86 0.30 65.72 19.03 1230 1.13 151 0.32
12 67.39 17.00 13.73 0.61 0.97 0.30 66.49 18.68 12.17 1.02 134 0.30
135 67.18 13.25 17.75 0.64 0.75 0.43 67.77 1733 12.60 0.93 1.05 0.32
15 65.12 1231  20.90 0.50 0.74 043 68.34 1638 1317 0.75 108 0.29
16.5 69.45 13.81 14.99 0.46 0.90 0.39 67.07 1411 16.84 0.61 1.02 0.36
18 70.69 1506 12.30 0.74 0.87 0.33 66.17 13.13 1896 041 0.86 047
195 69.04 16.88 11.84 0.97 0.91 0.36 67.13 15.00 16.09 056 0.85 0.37
21 68.32 1856  11.33 0.64 0.88 0.27 68.90 1696 1216 0.69 095 0.34
22.5 66.90 18.94 11.99 0.76 1.07 0.34 67.04 19.16 11.44 1.05 1.02 0.28
24 66.12 19.31 11.92 0.94 1.44 0.28 67.13 1941 1098 1.04 115 0.30
25.5 67.16 19.54 11.11 0.68 1.27 0.25 66.34 19.62 1155 1.05 112 031
27 65.92 18.52 12.97 0.95 142 0.24 66.73 19.00 1147 1.13 135 0.32
28.5 65.28 19.66 12.53 1.01 1.24 0.28 67.46 18.22 1142 1.22 137 031
30 6531 1932 1252 116 140 0.29 67.43 1818 1169 101 135 0.33
3 0 67.46 17.30 13.11 0.93 0.94 0.25 4 65.87 1941 1247 0.78 120 0.27
15 65.23 18.86 13.45 111 1.10 0.24 65.79 1845 13.05 1.01 141 0.28
3 65.75 18.35 13.59 0.89 1.13 0.29 65.87 1870 1289 1.04 121 0.29
45 66.32 1850 12.66 1.08 116 0.28 66.31 1856 1249 104 134 0.26
6 65.52 19.01 13.04 1.00 1.15 0.28 65.31 1943 1229 1.16 155 0.26
75 66.56 18.32 12.45 1.13 1.26 0.28 65.81 19.62 1156 1.29 143 0.29
9 65.68 19.63 11.95 1.27 121 0.25 66.23 18.86 12.32 1.02 125 031
10.5 65.81 19.28 12.22 1.22 1.20 0.26 67.31 1899 1142 0.92 1.06 0.30
12 66.05 19.23 11.96 1.24 1.23 0.28 68.33 1753 12.11 0.66 1.06 0.31
135 67.12 19.02 11.66 0.93 1.05 0.23 67.62 1567 1466 0.72 099 0.34
15 67.98 18.12 11.67 1.05 0.87 0.30 6754 1346 1730 036 091 043
16.5 67.95 16.61 13.34 0.85 0.92 0.32 67.92 1251 17.78 058 0.78 0.42
18 65.15 1258  20.75 0.38 0.68 0.46 68.06 1432 1590 039 095 0.38
195 65.06 11.86 21.43 0.44 0.71 0.49 69.73 1635 1195 0.69 095 0.32
21 66.52 12,77  19.03 0.36 0.85 0.47 68.13 17.79 12.00 0.74 105 0.28
225 70.17 17.40 10.59 0.70 0.85 0.29 66.41 1929 1161 1.16 1.23 0.30
24 68.83 17.46 11.53 1.02 0.89 0.26 66.10 1895 12.28 1.09 1.29 0.30
25.5 68.46 17.72 1151 1.08 0.95 0.28 67.20 18.20 11.88 1.20 118 0.34
27 66.88 18.74 11.83 1.03 1.23 0.30 66.49 1775 13.00 1.17 1.29 0.30
28.5 67.19 18.35 11.92 111 1.14 0.29 66.33 17.63 13.47 1.12 1.15 0.30
30 67.15 18.32 12.06 0.94 1.20 0.33 65.40 17.38 14.72 0.92 1.25 0.33
5 0 65.30 19.22 12.54 1.35 1.33 0.27 6 66.43 19.03 12.01 1.15 113 0.25
15 65.19 1962 1251 1.04 138 0.27 66.15 1850 1290 1.06 111 0.29
3 64.92 19.86 12.63 1.04 1.30 0.25 66.16 19.18 12.06 1.02 1.27 0.30
45 65.72 19.32 12.35 1.08 1.25 0.28 65.90 19.25 1213 1.25 118 0.28

419



Meas. Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
5 6 66.06 18.89 12.26 1.24 132 0.23 6 66.56 19.12 11.88 0.97 117 0.30
75 65.98 19.23 11.95 1.32 127 0.25 66.30 19.37 1201 099 108 0.26
9 66.49 19.19 11.79 1.04 124 0.25 66.85 18.73 1233 0.86 094 0.29
10.5 66.77 1925 1157 1.06 111 024 66.59 18.12 13.06 1.00 091 0.32
12 67.37 1855 11.82 0.87 114  0.26 67.66 1647 1396 0.82 081 028
135 68.61 1756 11.81 0.75 1.00 0.26 6712 1358 1739 0.70 082 0.39
15 68.92 1568 13.60 0.61 0.88 0.32 65.35 1264 2030 047 076 0.49
16.5 67.78 1411 16.27 0.73 0.74 0.37 65.80 1368 1865 0.66 0.81 0.40
18 66.30 1258 19.51 0.36 0.80 045 68.03 17.01 1316 0.63 0.86 0.32
195 65.32 1237  20.55 0.55 072 048 67.84 1803 1210 0.75 100 0.29
21 68.92 1338 15.79 0.80 0.75 0.36 6731 1840 1193 096 107 0.33
225 69.96 16.61 11.48 0.68 097 031 65.76 19.86 1209 0.87 113 028
24 67.96 1799 11.95 0.76 1.02 031 66.83 18.38 1241 105 105 0.28
255 68.48 18.26  11.05 0.87 1.08 0.26 66.87 1831 1264 0.84 105 0.29
27 67.52 1821 11.66 1.04 128 0.28 66.66 17.82 1334 094 092 0.32
285 67.18 18.15 1232 1.01 1.03 0.30 6718 17.31 1354 0.79 085 0.33
30 66.28 1841 12.85 0.86 125 0.36
7 0 65.57 19.05 12.65 0.98 144 031 8 6459 1871 1407 107 123 0.33
15 66.35 18.69 12.29 111 129 0.28 6446 1870 1405 114 138 0.28
3 65.83 19.02 12,01 1.16 169 0.29 65.39 1889 1346 082 119 0.25
45 65.39 19.15 12,50 1.07 159 0.30 6442 1893 1424 098 117 0.26
6 66.32 1881 11.89 1.16 153 0.29 64.89 19.02 1342 112 127 0.28
75 66.42 1933 11.64 0.96 133 033 66.32 19.15 1195 1.08 121 0.29
9 66.51 19.29 11.55 1.13 124  0.29 6558 20.30 11.79 0.86 121 0.25
10.5 67.39 1868 11.64 0.76 126 0.27 67.38 1823 1200 090 126 0.25
12 68.38 16.19 13.17 0.92 1.02 0.33 68.46 16.63 1278 0.75 112 0.26
135 67.93 1352 16.55 0.61 097 041 69.04 1268 1634 059 094 041
15 66.22 13.27 18.89 0.39 081 042 62.36 1089 2486 049 087 053
16.5 67.07 1420 16.82 0.61 089 041 68.67 1343 1599 0.66 091 0.35
18 68.77  17.04  12.06 0.63 114  0.36 69.10 17.29 1176 057 100 0.27
19.5 68.09 18.11 1153 0.81 118 0.29 67.55 18.12 12.02 084 119 0.28
21 66.85 1859  12.09 0.90 128 0.30 66.37 1852 1270 0.96 119 0.26
225 66.35 19.19 11.72 1.00 147 0.28 64.92 1945 1289 110 133 031
24 66.44 1891  12.03 0.96 137 0.28 66.07 19.30 1214 0.97 124 027
255 66.58 1855  11.93 1.27 137 0.30 65.45 19.32 1241 1.04 147 031
27 66.84 1877 1157 1.08 143 031 65.12 1884 1329 098 150 0.27
28.5 65.80 18.73  12.56 1.13 150 0.29 65.00 19.07 1329 1.03 136 0.25
30 65.80 19.85 1157 0.92 154 032 66.13 1834 1277 123 128 0.25
9 0 65.55 17.79 1435 0.84 119 0.28 10 6456 2043 12.08 111 156 0.26
15 64.95 18.34 14.20 1.00 124 0.27 6297 2118 1301 1.07 152 025
3 65.84 17.06 14.70 0.99 115 0.26 6416 20.02 1297 113 150 0.22
45 65.08 18.01 14.72 0.80 114  0.26 64.83 20.16 1226 1.18 128 0.29
6 65.36 18.14  13.77 1.13 134 027 64.94 1971 1267 104 136 0.27
7.5 66.19 19.28 12.18 0.90 121 0.25 66.08 19.09 1232 1.08 119 0.26
9 66.10 1922 12.16 0.89 137  0.26 66.88 1890 1190 096 114 0.22
10.5 66.39 19.69 11.60 0.79 122 0.30 6799 1833 1194 043 106 0.25
12 67.57 1855 11.78 0.75 1.06 0.29 69.01 1514 1401 059 095 0.30

420



Meas. Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
9 135 69.19 16.33 1255 0.62 1.02 0.30 10 6491 1269 2051 052 0.89 048
15 64.77 1212 21.24 0.49 091 047 65.54 1099 2163 052 079 0.53
16.5 66.29 1265 19.24 0.50 093 0.39 68.67 1591 1345 0.64 103 0.30
18 69.21 16.48 1243 0.74 0.88 0.26 68.09 1742 1230 091 099 0.29
19.5 67.79 17.62 1241 0.78 113 0.28 67.45 17.98 1224 091 115 027
21 67.63 17.79  12.56 0.72 1.03 0.28 66.75 1852 1240 0.79 124 0.29
225 65.92 17.70  14.19 0.91 1.01 0.28 6541 1886 1290 124 132 0.26
24 66.58 17.07  13.90 0.96 119 031 65.70 1886 13.09 0.78 127 0.30
255 66.33 17.43  14.03 0.90 1.02 0.28 65.80 18.89 1271 1.04 129 0.28
27 67.18 1727 13.34 0.84 110 0.27 65.09 19.38 13.09 088 129 0.27
28.5 66.99 17.62 12.85 1.04 125 0.25 66.12 1875 1261 094 126 0.32
30 66.63 17.33  13.61 1.07 110 0.26 65.92 1863 1287 109 118 031
11 0 6450 17.44 1517 1.01 141 047 12 6621 1828 1280 1.07 133 0.31
15 65.80 18.09 1351 0.91 136 034 65.57 19.35 1223 120 134 031
3 66.57  18.37  12.67 0.89 124  0.26 65.87 18.98 1221 119 148 027
45 66.12 18.68 12.65 1.00 126 0.28 65.30 19.77 1214 110 142 0.28
6 6590 19.12 1249 0.92 129 0.29 6555 19.92 1191 0.87 149 026
75 65.69 19.30 1241 0.95 135 0.29 65.30 20.13 1192 099 139 0.26
9 65.64 19.64 11.99 1.09 137  0.26 64.89 20.71 1172 1.08 131 0.29
10.5 66.50 19.15 11.99 0.82 124 0.30 65.79 1936 1196 116 149 0.25
12 67.72 1776  12.27 0.81 114 0.30 66.97 1889 11.75 101 111 0.27
135 66.80 13.47 17.65 0.77 091 041 68.61 1799 1150 055 105 0.30
15 62.66 11.73  23.63 0.53 090 0.55 66.76 1432 1724 048 085 0.35
16.5 69.56 1430 14.39 0.58 083 034 6231 1211 2372 041 090 055
18 69.26 1693  11.67 0.78 1.09 0.27 68.57 1442 1523 059 087 0.32
19.5 67.16  18.73 1191 0.88 1.08 0.25 68.78 17.00 1222 0.76 099 0.26
21 66.48 1854  12.38 111 122 027 6725 17.89 1253 093 116 0.25
225 66.78 1891 11.64 1.10 128 0.30 66.08 19.16 1247 091 115 023
24 65.34 1941 12.66 1.08 126 0.25 65.95 19.37 1232 0.87 124 0.25
255 65.77 19.26  11.97 1.40 134 0.26 66.21 18.81 1241 1.08 121 028
27 64.47 1955 13.13 1.14 141 0.29 64.27 2003 1279 135 129 0.28
28.5 65.61 18,59  13.27 0.97 131 0.26 65.49 1859 1317 110 141 025
30 65.50 1822  13.36 121 143  0.27 65.11 1947 1282 095 138 0.27
13 0 65.33 19.69 12.44 1.01 128 024 14 6543 1919 1272 110 126 0.29
15 65.13 19.00 12.98 111 149 0.29 65.68 19.14 1260 096 132 0.29
3 65.41 19.13 1271 1.14 133 0.28 65.30 19.33 1247 121 146 024
45 65.07 1897 13.10 1.14 145 0.28 65.35 19.00 1273 126 138 0.29
6 64.36 19.80 13.33 1.00 127 024 6524 19.74 1222 115 140 0.26
75 65.26 19.40 12.44 1.26 137 0.27 6543 20.11 1182 100 139 0.25
9 65.87 19.26  12.06 1.17 136 0.27 65.41 19.38 1242 1.05 148 0.26
105 66.10 1939 1212 1.05 1.09 0.26 66.15 1893 1217 113 137 0.25
12 67.15 1845 12.25 0.76 114  0.25 66.96 19.30 1129 0.98 120 0.27
135 68.01 16.09  14.00 0.59 1.02 0.28 6724 1782 1292 068 107 0.27
15 64.84 1191 21.20 0.64 093 0.50 66.00 1409 1819 044 091 0.38
16.5 65.79 1342 19.14 0.34 089 042 6411 1288 2116 047 094 044
18 68.90 1577 13.36 0.76 095 0.27 68.03 1513 1514 051 090 0.29
195 6745 18.05 12.33 0.91 101 026 68.12 1698 1282 087 097 0.25

421



Meas. Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
13 21 66.77 1836 12.54 1.02 1.08 0.22 14 6741 1865 1160 091 117 0.26

225 66.58 18.81 12.12 0.99 125 0.25 66.61 19.10 1195 092 117 0.25

24 65.46  18.94  13.06 0.94 133 0.27 65.27 1948 1273 105 125 0.23

255 65.28 19.08  13.02 1.05 132 024 65.59 1944 1214 116 142 0.24

27 64.72  19.35 13.13 1.21 133 0.26 6585 19.16 1204 131 137 028

28.5 65.39 1852  13.29 1.12 143 0.25 65.05 1941 1262 123 145 0.24

30 6543 1877  13.03 1.18 133 0.26 6592 19.14 1225 109 136 024
15 0 66.15 1857 12.75 0.98 128 0.27

15 65.19 1933 12.85 0.89 145 0.29

3 6541 19.00 12.97 0.93 143 0.26

45 65.61 19.22 1254 1.02 133 027

6 65.28 18.99 13.01 1.10 135 0.27

75 65.37 20.03 12.20 0.86 130 0.24

9 65.39 1995 12.20 1.00 120 0.26

10.5 65.79 1948 1239 0.82 126  0.27

12 66.91 18.84 11.82 1.09 1.08 0.26

135 6759 16.74  13.50 0.94 097 0.27

15 66.94 1451 16.73 0.57 092 0.34

16.5 65.18 1297  20.09 0.49 0.87 0.40

18 68.39 16.28 13.29 0.73 1.05 0.27

19.5 67.05 1799 12.67 0.91 110 0.27

21 65.92 1899 1247 1.04 131 027

225 65.99 1940 12.37 0.79 119 0.26

24 65.91 1836  13.18 1.08 125 021

255 64.95 1931 13.00 111 137 0.26

27 65.84 18.09 13.19 1.18 144  0.26

285 64.88 19.67 13.03 0.92 127 0.23

30 66.01 18.76  12.42 1.15 140 0.26

422



Ref-Hf, 400C, 7 dpa

Meas. Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si

1 0 65.65 18.86 12.81 1.01 145 024 2 63.64 19.89 1343 101 177 0.27
15 65.71 19.34 12.62 0.91 1.32 0.11 6430 1941 1348 1.03 151 0.27
3 66.68 18.69 12.25 0.83 133  0.22 65.18 1892 1328 0.86 143 0.34
45 66.87 1720 13.91 0.52 114 0.36 66.75 17.83 13.04 094 116 0.27
6 66.02 16.01  15.80 0.64 111 042 66.80 1799 1296 059 143 0.24
75 61.33 13.03 23.47 0.48 0.72  0.96 66.61 16.80 1422 0.62 140 0.35
9 57.55 12.31 27.45 0.27 0.89 154 65.29 1538 17.05 0.49 126 0.52
105 58.87 1223  26.65 0.29 073 124 61.63 1314 2264 050 1.09 0.99
12 61.94 13.70 21.97 0.62 0.79 0.97 58.80 1253 26.06 042 095 1.25
135 66.69 16.18 14.85 0.62 1.10 0.55 59.82 1266 2520 031 0.78 1.23
15 66.75 17.14 13.54 0.62 1.36 0.60 63.01 1357 2166 032 0.72 0.74
16.5 67.49 17.94 12.36 0.71 121 0.30 65.16 1581 1698 052 0.90 0.62
18 66.02 18.85 12.40 0.94 147 0.32 66.81 17.29 1343 084 121 042
195 65.82 19.43 11.89 0.90 153 0.43 66.24 18.62 12.58 0.88 132 0.36
21 65.10 19.47 12.65 0.95 1.63 0.21 65.83 19.53 12.03 1.02 121 0.38
22.5 65.32 19.81 12.01 1.06 141 0.38 65.64 19.53 12.00 1.25 124 0.35
24 64.01 19.76 13.14 1.33 1.40 0.37 64.65 20.01 1222 1.12 172 0.28
25.5 64.38 18.83 13.94 0.87 1.60 0.39 63.28 20.82 1256 1.13 189 0.32
27 64.39 19.38 13.65 0.81 1.40 0.37 63.53 20.37 12.73 1.40 158 0.39
28.5 63.91 19.32 13.63 121 1.68 0.26 64.09 19.87 1258 1.20 183 042
30 64.52 18.69  13.88 1.08 149 034 63.83 20.06 1276 1.09 195 0.32
3 0 65.42 18.17 14.33 0.87 0.90 0.30 4 66.68 19.15 11.76 1.12 1.06 0.23
15 64.89 18.69 14.14 1.05 1.06 0.17 66.29 1939 1192 094 123 0.23
3 64.53 18.89 14.06 0.99 1.18 0.35 67.18 1795 1212 1.37 115 0.23
45 65.17 18.78 13.81 0.74 1.32 0.18 67.09 1697 1342 114 121 0.18
6 65.35 18.47 1358 1.05 124 0.30 66.60 1622 1483 0.80 112 043
7.5 64.93 19.11 13.44 1.06 1.30 0.17 64.19 1404 1950 0.77 097 0.53
9 6531 1871 13.15 1.28 132 0.23 61.18 1295 2388 0.52 067 0.80
10.5 65.50 18.76 12.91 1.42 1.14 0.27 59.79 1255 2539 044 085 0.98
12 65.81 18.87 13.15 0.80 110 0.28 62.67 1427 2077 056 0.81 0.92
135 65.40 1862 13.24 1.25 117 032 65.83 1621 1554 0.86 098 0.58
15 66.50 18.69 12.44 111 1.04 0.22 66.76 1759 13.26 0.80 123 0.36
16.5 66.62 18.28 12.76 1.23 0.89 0.23 66.57 18.99 12.01 0.79 129 0.36
18 67.04 17.43 13.46 1.07 0.78 0.23 66.65 19.04 12.07 1.01 1.14 0.09
195 68.29 15.54 14.23 0.86 0.70 0.38 64.82 20.20 11.85 1.35 158 0.20
21 64.84 12.86 20.87 0.50 0.41 0.52 64.59 20.05 1241 1.12 164 0.19
22.5 56.89 10.71 30.08 0.58 0.69 1.05 64.18 19.99 12.62 1.26 167 0.28
24 60.85 11.92 25.67 0.24 0.63 0.68 63.56 20.32 1296 1.25 166 0.25
255 67.32 14.93 15.99 0.58 0.83 0.34 64.12 2040 1257 1.09 162 0.20
27 68.11 17.01 12.57 0.85 1.13 0.33 63.70 20.26 1294 1.12 182 0.17
28.5 67.64 17.77 12.39 0.86 1.08 0.26 63.48 2046 1271 1.18 1.84 0.33
30 67.01 18.31 12.05 1.25 111 0.28 63.87 20.29 1264 124 174 0.22
5 0 64.35 18.35 14.74 1.11 1.09 0.36 6 66.87 1859 1235 0.76 119 0.23
15 64.83 18.44 14.47 0.90 1.07 0.29 67.49 1752 1289 1.08 091 0.12
3 64.76 18.52 14.65 1.03 0.72 0.32 67.32 1714 1352 0.90 092 0.21
45 64.91 18.37 14.53 0.92 1.07 0.21 6598 16.42 1584 057 0.89 0.29

423



Meas. Pos. (nm)  Fe Cr Ni Mn Mo Si  Meas. Fe Cr Ni Mn Mo  Si

5 6 6480 1870 1392 120 114 0.24 6 6374 1393 2020 0.78 083 052
75 65.13 1931 13.10 114 1.05 027 6138 1370 2291 045 078 0.78
9 6569 1875 1329 128 088 0.1 60.08 1264 2497 063 079 0.89
105 66.08 18.98 1243 119 098 0.33 59.10 1254 2581 068 086 1.02
12 6593 1898 1270 096 110 0.33 6142 1402 2230 071 081 0.74
135 66.38 18.80 1231 103 113 0.35 63.94 1568 1830 086 0.89 0.33
15 6730 1769 1288 098 096 0.20 66.36 18.38 12.64 124 107 0.32
16.5 66.94 16.99 1454 053 065 0.34 65.93 1660 1527 085 0.98 0.37
18 64.17 1375  20.37 0.55 059 057 6591 1910 1250 099 136 0.14
195 6112 11.88 25.20 0.36 0.66 0.78 66.09 1952 1167 095 143 034
21 60.78  11.29  25.87 0.41 072  0.93 6542 1956 1215 132 147 0.08
22,5 6519 1285 19.98 0.63 0.83 0.52 64.44 1982 1269 120 166 0.20
24 68.14 1505 1557 0.39 0.58 0.28 64.05 2024 1259 139 136 037
25.5 68.14 16.69  13.07 0.90 1.03 017 64.67 1940 1297 129 140 0.26
27 67.08 18.05 12.76 0.89 1.00 023 63.82 20.12 1267 124 165 049
28.5 66.12 1855  12.77 0.89 142 024 63.52 1989 1328 122 186 0.23
30 65.97 18.68 13.03 0.90 127 014 64.15 19.67 1289 138 143 048
7 0 64.93 1830 14.38 1.06 106 026 8 65.68 19.09 1279 081 135 0.28
15 64.76 1875 1431 091 094 0.34 6648 18.85 1202 092 132 0.40
3 64.83 1852 1433 118 084 0.30 67.18 1819 1246 068 117 031
4.5 65.18 18.11 1451 1.00 1.06 0.15 67.00 1698 1348 092 134 0.29
6 6548 18.12  14.09 1.07 096 0.28 67.08 1732 1322 068 137 0.33
75 65.81 18.05 13.58 1.23 110 022 66.05 1477 1718 043 099 0.58
9 66.01 1859  13.27 095 091 026 61.78 1294 2260 0.69 093 1.07
10.5 66.21 1854 1321 093 098 0.14 59.39 1295 2524 032 080 1.29
12 66.37 19.06 12.60 100 079 0.17 59.85 12.66 2523 044 066 1.15
135 65.90 19.02 1281 114 092 o021 61.31 1415 2203 049 098 1.04
15 6731 1783 12.89 081 09 021 62.61 1487 2017 051 1.02 0.83
16.5 67.04 1751 1351 081 082 031 63.24 1543 1920 040 0.87 085
18 67.22 1580 15.24 075 077 022 6561 1629 1532 112 1.00 0.65
195 65.17 1429 18.63 065 071 054 66.09 17.90 1332 091 140 0.39
21 62.33 1228  23.66 0.67 048 0.58 66.09 18.87 1234 099 137 033
22,5 6256 1223  23.60 021 065 0.75 6542 1922 1248 1.05 147 035
24 63.43 1237 22.64 040 057 0.59 6549 19.62 1202 113 145 028
255 67.06 1565 15.38 044 099 049 6452 1991 1280 095 153 0.29
27 67.95 17.16 1281 110 087 012 6421 2017 1246 119 169 0.28
28.5 67.11 18.03 12.77 094 091 0.23 64.19 1997 1237 136 174 0.36
30 66.83 1825 1255 111 1.08 0.17 6448 1981 1286 113 147 025
9 0 64.86 17.47  15.35 118 097 017 10 6540 19.07 1283 1.05 142 023
15 64.22 1815 1571 119 074 0.00 65.60 19.65 1203 0.87 159 0.26
3 64.67 18.05 15.20 1.04 086 0.18 65.78 1921 1213 086 1.67 0.34
4.5 65.34 18.07 14.66 1.09 071 013 66.53 1827 1264 0.75 154 0.26
6 65.04 1794 1474 110 096 022 66.78 1691 1421 053 117 0.40
75 64.87 1851 1452 122 079 0.09 66.32 1575 1540 092 119 042
9 64.64 19.10 13.89 127 086 024 60.53 1321 2416 038 0.65 1.07
10.5 6511 1882 1350 1.27 110 0.9 59.18 1252 2599 030 0.71 1.30
12 6548 1857 13.74 1.01 1.02 017 60.61 1294 2406 031 094 114

424



Meas. Pos. (nm)  Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo  Si

9 135 66.54 18.72 12.88 102 075 0.08 10 6558 1519 1701 049 098 0.74
15 66.33 1859 1271 112 1.02 023 66.66 1531 1584 050 1.04 0.64
16.5 6759 1720 13.37 089 073 022 6724 1775 1261 080 115 044
18 67.68 16.27 14.17 082 081 025 6738 1786 1255 072 117 032
195 64.78 1439  19.20 064 058 0.40 66.04 1890 1199 120 161 0.26
21 61.20 1285 24.05 057 049 084 66.30 18.98 1185 0.92 1.66 0.29
225 60.92 1214 2477 071 075 071 6490 19.37 1312 097 146 0.8
24 6344 1353  21.20 046 090 047 6496 18.72 1323 113 167 028
25.5 66.13 1564 16.49 051 077 045 64.65 1913 1318 099 175 0.30
27 67.02 16.81 14.01 0.86 1.01 029 64.88 18.94 1348 097 150 0.23
28.5 67.00 1787 1271 1.00 117 025 6451 1935 1336 056 1.89 0.33
30 66.73 18.13 12.74 1.06 120 0.16 64.04 1942 1361 1.04 157 0.32
11 0 64.60 18.97  14.02 130 097 014 12 65.19 1868 1391 1.00 1.01 022
15 65.02 1929  13.23 118 1.08 0.9 65.55 18.89 1341 0.88 1.03 0.25
3 65.62 18.69  13.15 1.27 110 017 6525 1879 1339 121 111 024
4.5 65.84 1887 12.74 1.24 121 010 65.68 18.63 13.34 127 0.86 0.22
6 65.22 19.44 1271 1.25 124 014 65.94 1870 13.16 1.05 0.95 0.20
75 65.78  19.03 1257 132 098 032 66.00 18.90 13.03 0.88 0.99 0.20
9 65.58 18.83  13.02 1.32 1.09 015 66.58 18.17 1325 0.86 0.89 0.25
10.5 66.10 19.16 1271 118 080 0.05 67.34 17.05 1344 093 092 0.32
12 66.53 18.60 12.59 127 085 014 66.32 1563 1635 074 0.63 0.33
135 67.28 1811  12.99 084 0.69 0.08 61.87 1335 23.07 034 059 0.77
15 67.90 16.89 1342 087 070 0.22 6112 1211 2513 022 0.64 0.78
16.5 66.81 1557 16.11 078 050 023 6381 1335 2134 023 0.68 059
18 62.63 13.05 2281 047 051 053 6720 1480 16.14 069 0.81 0.35
195 59.10 11.98 26.99 061 050 0.82 6799 1676 1316 1.02 0.87 0.9
21 6211 1239 2356 072 059 062 67.94 17.38 1249 106 092 0.22
225 66.89 1492 16.42 060 078 0.38 6739 1782 1261 096 1.04 0.8
24 67.88 1638 13.75 083 099 018 66.36 1850 1275 110 112 0.8
25.5 67.08 18.06 12.60 107 1.02 0.16 6569 1848 1315 124 119 0.25
27 67.07 1797 1256 108 1.23 0.08 65.74 1893 1301 081 126 0.25
28.5 66.50 18.02 13.12 1.07 1.08 022 65.75 18.49 1347 1.06 114 0.09
30 65.58 1852  13.20 1.40 111 019 65,51 18.34 1350 1.08 1.27 0.29

425



Ref-Hf, 400C, 10 dpa

Meas. Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si

1 0 66.81 19.28 11.72 0.90 0.87 0.42 2 65.07 1942 1260 1.62 1.02 0.27
15 66.60 1829  12.67 1.69 051 0.24 65.54 1898 12.81 143 094 0.30
3 66.77 18.84 12.61 0.91 0.67 0.21 65.51 19.11 1272 147 091 0.29
45 67.22 18.30 12.33 1.13 0.73 0.29 66.42 1862 1257 118 097 0.23
6 68.46 17.66 12.65 0.54 0.54 0.16 67.26 1898 1214 086 0.53 0.23
7.5 67.50 17.02 13.28 1.10 0.65 0.46 67.82 1774 1251 0.96 065 0.32
9 67.52 15.06 15.90 0.83 0.40 0.30 67.49 1686 1380 0.62 0.78 0.46
10.5 65.80 14.11 18.59 0.61 0.51 0.38 66.70 1567 1643 044 049 0.28
12 63.38 13.26 21.84 0.43 0.70 0.39 63.76 1340 2125 059 053 047
135 62.95 13.39 22.66 0.14 0.34 0.53 6091 1232 2536 033 045 0.63
15 6156 1396 22.96 0.42 056 0.55 61.96 1352 2296 042 056 0.59
16.5 64.02 15.94 18.25 0.94 0.52 0.32 67.28 15.03 16.01 0.60 0.72 0.36
18 66.64 1673 14.44 1.04 090 0.26 69.03 1798 1130 0.75 079 0.16
195 67.45 18.96 11.91 0.60 0.96 0.11 67.37 1925 1143 084 0.89 0.22
21 67.35 1855 1177 1.13 116 0.03 6733 1920 1150 094 0.88 0.15
22.5 66.21 19.60 11.78 1.09 1.24 0.09 65.31 19.84 1232 1.29 114 0.10
24 64.92 20.24 12.20 1.03 1.37 0.24 65.95 18.82 1281 1.10 117 015
25.5 65.72 19.24 12.44 1.19 1.14 0.27 65.31 19.71 1226 1.32 129 0.10
27 64.72 18.99 13.27 1.28 1.52 0.21 65.09 1929 1279 134 133 0.16
28.5 64.52 19.32 13.95 0.90 1.20 0.12 65.42 1891 13.01 1.29 117 0.19
30 6474 1821 1428 139 122 017 64.74 1890 1369 135 1.08 0.24
3 0 65.07 19.42 12.60 1.62 1.02 0.27 4 65.92 18.99 1241 1.28 110 0.31
15 65.54 18.98 12.81 1.43 0.94 0.30 65.75 19.14 1222 148 117 0.24
3 65.51 19.11 12.72 1.47 0.91 0.29 67.10 18.04 1297 101 0.71 0.17
45 66.42 1862 1257 1.18 097 0.23 67.15 1868 1237 081 075 0.24
6 67.26 18.98 12.14 0.86 0.53 0.23 67.27 1829 1259 101 053 0.31
75 67.82 17.74 1251 0.96 0.65 0.32 68.32 1694 1293 0.79 074 0.28
9 67.49 16.86 13.80 0.62 0.78 0.46 67.60 1473 1587 0.77 0.73 0.30
10.5 66.70 15.67 16.43 0.44 0.49 0.28 65.09 1297 2031 049 067 047
12 63.76 13.40 21.25 0.59 0.53 0.47 61.77 1210 2439 065 045 0.64
135 60.91 1232 25.36 0.33 045 0.63 6130 1365 2313 056 064 0.71
15 61.96 1352 22.96 0.42 056  0.59 66.33 1556 1657 043 068 042
16.5 67.28 15.03 16.01 0.60 0.72 0.36 68.35 1831 1162 0.73 076 0.22
18 69.03 1798 11.30 0.75 079 0.16 68.04 1897 1097 111 075 0.16
195 67.37 19.25 11.43 0.84 0.89 0.22 67.07 19.33 1141 0.98 1.07 0.13
21 67.33 1920 1150 0.94 0.88 0.15 65.93 1992 1192 093 108 0.22
225 65.31 19.84 12.32 1.29 1.14 0.10 66.43 19.17 1220 1.02 097 0.22
24 65.95 18.82 12.81 1.10 1.17 0.15 65.45 19.26 1281 145 090 0.12
25.5 65.31 19.71 12.26 1.32 1.29 0.10 64.85 18.86 13.85 0.93 124 0.27
27 65.09 19.29 12.79 1.34 1.33 0.16 65.23 1873 1381 1.10 1.03 0.09
28.5 65.42 18.91 13.01 1.29 117 0.19 64.46 18.64 1434 121 113 0.21
30 64.74 18.90 13.69 1.35 1.08 0.24 6453 1891 1383 1.20 143 0.09

426



LoHf, 400C, 3 dpa

Meas. Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si

1 0 65.65 18.05 14.06 0.94 1.03 0.27 2 66.09 18.05 13.37 1.11 1.08 0.29
15 65.87 18.01 13.95 0.70 118 0.29 65.98 1794 1374 100 103 031
3 66.48 18.17 13.27 0.80 1.03 0.25 66.39 18.00 13.20 0.98 114 0.29
45 65.55 19.44 12.88 0.78 1.08 0.28 65.88 1877 1286 1.01 121 0.28
6 66.57 18.63 12.20 1.33 1.04 0.23 65.28 19.72 1244 1.01 131 024
7.5 66.62 18.68 12.33 1.02 1.12 0.24 65.69 19.03 1251 1.13 140 0.24
9 67.52 17.58 12.35 117 1.15 0.23 65.98 19.20 12.39 0.83 134 0.26
10.5 67.79 17.98 12.40 0.67 0.86 0.30 65.72 19.03 1230 1.13 151 0.32
12 67.39 17.00 13.73 0.61 0.97 0.30 66.49 18.68 12.17 1.02 134 0.30
135 67.18 13.25 17.75 0.64 0.75 0.43 67.77 1733 12.60 0.93 1.05 0.32
15 65.12 1231  20.90 0.50 0.74 043 68.34 1638 1317 0.75 108 0.29
16.5 69.45 13.81 14.99 0.46 0.90 0.39 67.07 1411 16.84 0.61 1.02 0.36
18 70.69 1506 12.30 0.74 0.87 0.33 66.17 13.13 1896 041 086 047
195 69.04 16.88 11.84 0.97 0.91 0.36 67.13 15.00 16.09 056 0.85 0.37
21 68.32 1856  11.33 0.64 0.88 0.27 68.90 1696 1216 0.69 095 0.34
22.5 66.90 18.94 11.99 0.76 1.07 0.34 67.04 19.16 11.44 1.05 1.02 0.28
24 66.12 19.31 11.92 0.94 1.44 0.28 67.13 1941 1098 1.04 115 0.30
25.5 67.16 19.54 11.11 0.68 1.27 0.25 66.34 19.62 1155 1.05 112 031
27 65.92 18.52 12.97 0.95 142 0.24 66.73 19.00 1147 1.13 135 0.32
28.5 65.28 19.66 12.53 1.01 1.24 0.28 67.46 18.22 1142 1.22 137 031
30 6531 1932 1252 116 140 0.29 67.43 1818 1169 101 135 0.33
3 0 67.46 17.30 13.11 0.93 0.94 0.25 4 65.87 1941 1247 0.78 120 0.27
15 65.23 18.86 13.45 111 1.10 0.24 65.79 1845 13.05 1.01 141 0.28
3 65.75 18.35 13.59 0.89 1.13 0.29 65.87 1870 1289 1.04 121 0.29
45 66.32 1850 12.66 1.08 116 0.28 66.31 1856 1249 104 134 0.26
6 65.52 19.01 13.04 1.00 1.15 0.28 65.31 1943 1229 1.16 155 0.26
75 66.56 18.32 12.45 1.13 1.26 0.28 65.81 19.62 1156 1.29 143 0.29
9 65.68 19.63 11.95 1.27 121 0.25 66.23 18.86 12.32 1.02 125 031
10.5 65.81 19.28 12.22 1.22 1.20 0.26 67.31 1899 1142 0.92 1.06 0.30
12 66.05 19.23 11.96 1.24 1.23 0.28 68.33 1753 12.11 0.66 1.06 0.31
135 67.12 19.02 11.66 0.93 1.05 0.23 67.62 1567 1466 0.72 099 0.34
15 67.98 18.12 11.67 1.05 0.87 0.30 6754 1346 1730 036 091 043
16.5 67.95 16.61 13.34 0.85 0.92 0.32 67.92 1251 17.78 058 0.78 0.42
18 65.15 1258  20.75 0.38 0.68 0.46 68.06 1432 1590 039 095 0.38
195 65.06 11.86 21.43 0.44 0.71 0.49 69.73 1635 1195 0.69 095 0.32
21 66.52 1277  19.03 0.36 0.85 0.47 68.13 17.79 12.00 0.74 105 0.28
225 70.17 17.40 10.59 0.70 0.85 0.29 66.41 1929 1161 1.16 1.23 0.30
24 68.83 17.46 11.53 1.02 0.89 0.26 66.10 1895 12.28 1.09 1.29 0.30
25.5 68.46 17.72 1151 1.08 0.95 0.28 67.20 18.20 11.88 1.20 118 0.34
27 66.88 18.74 11.83 1.03 1.23 0.30 66.49 1775 13.00 1.17 1.29 0.30
28.5 67.19 18.35 11.92 111 1.14 0.29 66.33 17.63 13.47 1.12 1.15 0.30
30 67.15 18.32 12.06 0.94 1.20 0.33 65.40 17.38 14.72 0.92 1.25 0.33
5 0 65.30 19.22 12.54 1.35 1.33 0.27 6 66.43 19.03 12.01 1.15 113 0.25
15 65.19 1962 1251 1.04 138 0.27 66.15 1850 1290 1.06 111 0.29
3 64.92 19.86 12.63 1.04 1.30 0.25 66.16 19.18 12.06 1.02 1.27 0.30
45 65.72 19.32 12.35 1.08 1.25 0.28 65.90 19.25 1213 1.25 118 0.28

427



Meas. Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
5 6 66.06 18.89 12.26 1.24 132 0.23 6 66.56 19.12 11.88 0.97 1.17 0.30
75 65.98 19.23 11.95 1.32 127 0.25 66.30 19.37 1201 099 108 0.26
9 66.49 19.19 11.79 1.04 124 0.25 66.85 18.73 1233 0.86 094 0.29
10.5 66.77 1925 1157 1.06 111 024 66.59 18.12 13.06 1.00 091 0.32
12 67.37 1855 11.82 0.87 114  0.26 67.66 1647 1396 0.82 081 028
135 68.61 1756 11.81 0.75 1.00 0.26 6712 1358 1739 0.70 082 0.39
15 68.92 1568 13.60 0.61 0.88 0.32 65.35 1264 2030 047 076 0.49
16.5 67.78 1411 16.27 0.73 0.74 0.37 65.80 1368 1865 0.66 0.81 0.40
18 66.30 1258 19.51 0.36 0.80 045 68.03 17.01 1316 0.63 0.86 0.32
195 65.32 1237  20.55 0.55 072 048 67.84 1803 1210 0.75 100 0.29
21 68.92 1338 15.79 0.80 0.75 0.36 6731 1840 1193 096 107 0.33
225 69.96 16.61 11.48 0.68 097 031 65.76 19.86 1209 0.87 113 028
24 67.96 1799 11.95 0.76 1.02 031 66.83 18.38 1241 105 105 0.28
255 68.48 18.26  11.05 0.87 1.08 0.26 66.87 1831 1264 0.84 105 0.29
27 67.52 1821 11.66 1.04 128 0.28 66.66 17.82 1334 094 092 0.32
285 67.18 18.15 1232 1.01 1.03 0.30 6718 17.31 1354 0.79 085 0.33
30 66.28 1841 12.85 0.86 125 0.36
7 0 65.57 19.05 12.65 0.98 144 031 8 6459 1871 1407 107 123 0.33
15 66.35 18.69 12.29 111 129 0.28 6446 1870 1405 114 138 0.28
3 65.83 19.02 12,01 1.16 169 0.29 65.39 1889 1346 082 119 0.25
45 65.39 19.15 12,50 1.07 159 0.30 6442 1893 1424 098 117 0.26
6 66.32 1881 11.89 1.16 153 0.29 64.89 19.02 1342 112 127 0.28
75 66.42 1933 11.64 0.96 133 033 66.32 19.15 1195 1.08 121 0.29
9 66.51 19.29 11.55 1.13 124  0.29 6558 20.30 11.79 0.86 121 0.25
10.5 67.39 1868 11.64 0.76 126 0.27 67.38 1823 1200 090 126 0.25
12 68.38 16.19 13.17 0.92 1.02 0.33 68.46 16.63 1278 0.75 112 0.26
135 67.93 1352 16.55 0.61 097 041 69.04 1268 1634 059 094 041
15 66.22 13.27 18.89 0.39 081 042 62.36 1089 2486 049 087 053
16.5 67.07 1420 16.82 0.61 089 041 68.67 1343 1599 0.66 091 0.35
18 68.77  17.04  12.06 0.63 114  0.36 69.10 17.29 1176 057 100 0.27
19.5 68.09 18.11 1153 0.81 118 0.29 67.55 18.12 12.02 084 119 0.28
21 66.85 1859  12.09 0.90 128 0.30 66.37 1852 1270 0.96 119 0.26
225 66.35 19.19 11.72 1.00 147 0.28 64.92 1945 1289 110 133 031
24 66.44 1891  12.03 0.96 137 0.28 66.07 19.30 1214 0.97 124 027
255 66.58 1855  11.93 1.27 137 0.30 65.45 19.32 1241 1.04 147 031
27 66.84 1877 1157 1.08 143 031 65.12 1884 1329 098 150 0.27
28.5 65.80 18.73  12.56 1.13 150 0.29 65.00 19.07 1329 1.03 136 0.25
30 65.80 19.85 1157 0.92 154 032 66.13 1834 1277 123 128 0.25
9 0 65.55 17.79 1435 0.84 119 0.28 10 6456 2043 12.08 111 156 0.26
15 64.95 18.34 14.20 1.00 124 0.27 6297 2118 1301 1.07 152 025
3 65.84 17.06 14.70 0.99 115 0.26 6416 2002 1297 113 150 0.22
45 65.08 18.01 14.72 0.80 114  0.26 64.83 20.16 1226 1.18 128 0.29
6 65.36 18.14  13.77 1.13 134 027 64.94 1971 1267 104 136 0.27
7.5 66.19 19.28 12.18 0.90 121 0.25 66.08 19.09 1232 1.08 119 0.26
9 66.10 1922 12.16 0.89 137  0.26 66.88 1890 1190 096 114 0.22
10.5 66.39 19.69 11.60 0.79 122 0.30 6799 1833 1194 043 106 0.25
12 67.57 1855 11.78 0.75 1.06 0.29 69.01 1514 1401 059 095 0.30
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Meas. Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
9 135 69.19 16.33 1255 0.62 1.02 0.30 10 6491 1269 2051 052 0.89 048
15 64.77 1212 21.24 0.49 091 047 65.54 1099 2163 052 079 0.53
16.5 66.29 1265 19.24 0.50 093 0.39 68.67 1591 1345 0.64 103 0.30
18 69.21 16.48 1243 0.74 0.88 0.26 68.09 1742 1230 091 099 0.29
19.5 67.79 17.62 1241 0.78 113 0.28 67.45 17.98 1224 091 115 027
21 67.63 17.79  12.56 0.72 1.03 0.28 66.75 1852 1240 0.79 124 0.29
225 65.92 17.70  14.19 0.91 1.01 0.28 6541 1886 1290 124 132 0.26
24 66.58 17.07  13.90 0.96 119 031 65.70 1886 13.09 0.78 127 0.30
255 66.33 17.43  14.03 0.90 1.02 0.28 65.80 18.89 1271 1.04 129 0.28
27 67.18 1727 13.34 0.84 110 0.27 65.09 19.38 13.09 088 129 0.27
28.5 66.99 17.62 12.85 1.04 125 0.25 66.12 1875 1261 094 126 0.32
30 66.63 17.33  13.61 1.07 110 0.26 65.92 1863 1287 109 118 031
11 0 6450 17.44 1517 1.01 141 047 12 6621 1828 1280 1.07 133 0.31
15 65.80 18.09 1351 0.91 136 034 65.57 19.35 1223 120 134 031
3 66.57  18.37  12.67 0.89 124  0.26 65.87 18.98 1221 119 148 027
45 66.12 18.68 12.65 1.00 126 0.28 65.30 19.77 1214 110 142 0.28
6 6590 19.12 1249 0.92 129 0.29 6555 19.92 1191 0.87 149 026
75 65.69 19.30 1241 0.95 135 0.29 65.30 20.13 1192 099 139 0.26
9 65.64 19.64 11.99 1.09 137  0.26 64.89 20.71 1172 1.08 131 0.29
10.5 66.50 19.15 11.99 0.82 124 0.30 65.79 1936 1196 116 149 0.25
12 67.72 1776  12.27 0.81 114 0.30 66.97 1889 11.75 101 111 0.27
135 66.80 13.47 17.65 0.77 091 041 68.61 1799 1150 055 105 0.30
15 62.66 11.73  23.63 0.53 090 0.55 66.76 1432 1724 048 085 0.35
16.5 69.56 1430 14.39 0.58 083 034 6231 1211 2372 041 090 055
18 69.26 1693  11.67 0.78 1.09 0.27 68.57 1442 1523 059 087 0.32
19.5 67.16  18.73 1191 0.88 1.08 0.25 68.78 17.00 1222 0.76 099 0.26
21 66.48 1854  12.38 111 122 027 6725 17.89 1253 093 116 0.25
225 66.78 1891 11.64 1.10 128 0.30 66.08 19.16 1247 091 115 023
24 65.34 1941 12.66 1.08 126 0.25 65.95 19.37 1232 0.87 124 0.25
255 65.77 19.26  11.97 1.40 134 0.26 66.21 18.81 1241 1.08 121 028
27 64.47 1955 13.13 1.14 141 0.29 64.27 2003 1279 135 129 0.28
28.5 65.61 18,59  13.27 0.97 131 0.26 65.49 1859 1317 110 141 025
30 65.50 1822  13.36 121 143  0.27 65.11 1947 1282 095 138 0.27
13 0 65.33 19.69 12.44 1.01 128 024 14 6543 1919 1272 110 126 0.29
15 65.13 19.00 12.98 111 149 0.29 65.68 19.14 1260 096 132 0.29
3 65.41 19.13 1271 1.14 133 0.28 65.30 19.33 1247 121 146 024
45 65.07 1897 13.10 1.14 145 0.28 65.35 19.00 1273 126 138 0.29
6 64.36 19.80 13.33 1.00 127 024 6524 19.74 1222 115 140 0.26
75 65.26 19.40 12.44 1.26 137 0.27 6543 20.11 1182 100 139 0.25
9 65.87 19.26  12.06 1.17 136 0.27 65.41 19.38 1242 1.05 148 0.26
105 66.10 1939 1212 1.05 1.09 0.26 66.15 1893 1217 113 137 0.25
12 67.15 1845 12.25 0.76 114  0.25 66.96 19.30 1129 0.98 120 0.27
135 68.01 16.09  14.00 0.59 1.02 0.28 6724 1782 1292 068 107 0.27
15 64.84 1191 21.20 0.64 093 0.50 66.00 1409 1819 044 091 0.38
16.5 65.79 1342 19.14 0.34 089 042 6411 1288 2116 047 094 044
18 68.90 1577 13.36 0.76 095 0.27 68.03 1513 1514 051 090 0.29
195 6745 18.05 12.33 0.91 101 026 68.12 1698 1282 087 097 0.25
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Meas. Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
13 21 66.77 1836 12.54 1.02 1.08 0.22 14 6741 1865 1160 091 117 0.26

225 66.58 18.81 12.12 0.99 125 0.25 66.61 19.10 1195 092 117 0.25

24 65.46  18.94  13.06 0.94 133 0.27 65.27 1948 1273 105 125 0.23

255 65.28 19.08  13.02 1.05 132 024 65.59 1944 1214 116 142 0.24

27 64.72  19.35 13.13 1.21 133 0.26 6585 19.16 1204 131 137 028

28.5 65.39 1852  13.29 1.12 143 0.25 65.05 1941 1262 123 145 0.24

30 6543 1877  13.03 1.18 133 0.26 6592 19.14 1225 109 136 024
15 0 66.15 1857 12.75 0.98 128 0.27

15 65.19 1933 12.85 0.89 145 0.29

3 6541 19.00 12.97 0.93 143 0.26

45 65.61 19.22 1254 1.02 133 027

6 65.28 18.99 13.01 1.10 135 0.27

75 65.37 20.03 12.20 0.86 130 0.24

9 65.39 1995 12.20 1.00 120 0.26

10.5 65.79 1948 1239 0.82 126  0.27

12 66.91 18.84 11.82 1.09 1.08 0.26

135 6759 16.74  13.50 0.94 097 0.27

15 66.94 1451 16.73 0.57 092 0.34

16.5 65.18 1297  20.09 0.49 0.87 0.40

18 68.39 16.28 13.29 0.73 1.05 0.27

19.5 67.05 1799 12.67 0.91 110 0.27

21 65.92 1899 1247 1.04 131 027

225 65.99 1940 12.37 0.79 119 0.26

24 65.91 1836  13.18 1.08 125 021

255 64.95 1931 13.00 111 137 0.26

27 65.84 18.09 13.19 1.18 144  0.26

285 64.88 19.67 13.03 0.92 127 0.23

30 66.01 18.76  12.42 1.15 140 0.26
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LoHf, 400C, 7 dpa

Meas.  Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
1 0 66.33 1761 1365 1.03 112 0.26 2 66.61 1842 1250 1.07 114 0.27
15 6552 1935 1283 0.73 131 0.26 6544 1856 1326 115 129 0.30
3 65.23 19.26 1280 116 128 0.27 66.01 18.13 1326 0.87 146 0.27
45 6456 19.15 1387 0.82 131 0.29 65.29 1966 1240 113 120 031
6 65.67 18.40 1333 0.83 154 0.23 65.42 1882 1321 084 143 028
7.5 66.21 18.22 13.05 0.92 133 027 65.94 1871 1268 0.87 148 0.32
9 66.49 18.78 12.06 111 128 0.27 6494 1789 1436 1.06 141 034
10.5 66.97 1838 1232 0.84 120 0.30 66.28 17.77 1363 069 130 0.32
12 67.09 1741 13.05 1.05 107 0.33 6751 1722 1300 081 112 034
135 6466 1429 1901 055 1.01 0.46 65.54 16.08 1648 048 1.01 041
15 64.38 1344 2036 055 0.83 0.40 63.76 1393 20.18 057 1.01 055
16.5 65.78 1538 16.66 0.69 1.06 0.43 6590 16.21 1575 0.67 1.08 0.38
18 65.85 1798 14.06 055 126 0.31 67.37 17.04 1326 090 1.07 035
19.5 66.20 17.22 1424 072 131 0.32 66.22 1896 1234 091 130 0.27
21 65.79 1845 13.09 115 129 0.24 65.55 1950 1228 097 141 0.30
225 65.57 18.78 1282 0.95 159 0.30 63.88 19.60 1360 1.19 143 031
24 65.57 18.09 1363 129 120 0.22 64.68 19.26 1340 1.07 134 026
255 66.12 18.00 1326 1.04 127 0.30 6461 19.03 1337 120 148 031
27 67.73 1715 1272 091 116 0.33 65,59 18.72 1296 085 151 0.37
28.5 66.60 17.36 1355 0.95 123 031 66.30 1841 1269 097 133 0.30
30 64.85 18.01 1437 1.02 143 0.33 66.75 19.04 1149 095 147 031
3 0 66.26 1831 1292 094 127 031 4 65.77 1836 1323 1.06 125 0.32
15 65.34 18.10 14.06 0.94 128 0.27 66.24 1820 1298 1.04 129 0.25
3 64.93 1871 1394 078 135 0.30 65.64 1859 1311 093 145 0.27
45 65.03 1859 13.63 1.05 139 0.32 65.36 1896 12.79 123 138 0.29
6 6487 1971 1267 1.04 136 034 6596 1881 1250 098 145 0.30
7.5 6594 19.00 1180 133 157 0.36 66.48 1847 1253 101 122 0.29
9 66.21 19.19 1189 0.89 153 0.30 66.17 1885 12,61 0.89 123 0.25
10.5 66.76 19.06 1134 096 157 0.30 66.76 1753 1333 0.88 121 0.30
12 66.75 17.16 1343 1.07 127 0.32 64.64 1536 1758 0.81 122 0.40
135 65.66 13.94 1850 059 090 042 62.85 13.83 2120 066 092 054
15 63.31 1332 2143 041 1.02 050 65.04 17.09 1580 0.72 098 0.38
16.5 6592 1521 1669 056 122 041 66.82 1864 1221 0.75 126 0.33
18 66.46 19.06 1234 0.74 108 0.33 65.79 1955 1225 0.86 1.28 0.28
19.5 66.43 1922 1192 087 129 0.27 65.09 1824 1359 124 150 0.33
21 6489 1961 1269 1.00 151 0.30 65.61 1849 1336 091 134 0.28
225 65.85 19.02 1249 096 143 0.26 65.15 19.01 1328 099 130 0.26
24 64.92 1945 1283 1.02 145 0.34 6598 17.78 1386 0.88 120 0.30
255 65.23 1849 1331 121 145 031 65.72 17.67 1394 1.08 127 031
27 65.26 1799 14.00 121 123 0.32 64.74 1835 1454 077 131 028
285 64.65 1697 16.03 084 118 0.33 63.65 19.27 1458 0.75 138 0.37
30 6496 17.02 1559 0.84 127 0.32 6495 1796 1464 083 130 031
5 0 66.38 1821 1275 116 124 0.26 6 65.92 1799 1352 103 126 0.28
15 65.63 18.45 1333 1.08 117 0.34 6591 1885 1249 110 139 0.27
3 65.37 1848 1345 110 129 0.32 66.03 18.84 1221 122 137 032
45 65.45 1771 1426 091 135 031 66.62 18.40 1221 1.06 146 0.25
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Meas.  Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si

5 6 6429 1877 1445 088 130 031 6 65.44 18.88 1281 110 147 0.30
75 64.90 1836 1437 081 126 0.29 67.05 18.03 1207 115 141 0.29
9 66.31 1796 1340 081 118 0.34 66.90 1790 1264 108 121 0.27
105 67.53 16.54 13.82 0.69 112 0.30 67.71 1694 1295 084 123 0.33
12 66.57 14.86 16.66 0.55 098 0.38 66.75 15.89 15.10 0.77 1.10 0.0
135 64.86 14.72 18.17 0.75 1.03 047 63.39 14.60 20.14 0.36 1.02 049
15 65.22 1474 17.72 0.72 1.10 0.50 65.69 15.64 16.53 0.66 1.05 043
16.5 66.09 16.82 14.83 0.87 1.00 0.40 67.17 17.30 1336 074 112 0.32
18 67.11 1745 13.15 0.86 115 0.28 66.73 1843 1279 0.77 1.03 0.26
195 65.71 19.00 13.18 0.67 115 0.29 67.17 18.10 1216 104 128 0.25
21 65.99 1778 1376 093 126 0.28 6543 19.05 1279 103 135 0.34
22.5 66.15 18.39 13.01 0.90 125 0.30 65.98 1894 1260 0.91 128 0.30
24 65.80 18.83 12.73 0.97 141 0.26 67.17 18.05 12.00 1.02 143 0.32
25.5 66.47 17.77 13.16 1.05 129 0.27 66.60 1896 1164 114 135 0.32
27 65.57 18.70 13.23 1.05 119 0.27 67.25 1794 1213 1.02 136 0.31
28.5 66.16 18.43 12.89 0.94 132 0.26 66.47 18.96 11.83 1.11 131 032
30 66.09 1849 12.70 1.00 142 0.29 65.32 19.81 1213 111 134 029
7 0 65.60 1537 16.88 0.84 1.00 0.31 8 6591 1847 1353 081 097 0.32
15 64.17 1596 17.66 0.64 119 0.38 67.67 16.87 13.34 0.80 1.03 0.30
3 63.88 1591 17.87 1.13 090 031 65.56 16.68 15.63 0.49 126 0.38
4.5 65.95 17.24 14.37 0.89 120 0.35 65.05 1534 17.39 0.68 121 034
6 67.79 1551 14.06 0.94 142 0.29 66.47 17.32 13.71 0.96 121 033
7.5 65.27 19.78 12.82 0.77 110 0.26 66.28 17.82 1338 1.03 115 034
9 66.10 19.14 12.46 1.03 096 031 65.73 1891 1266 1.07 1.26 0.36
105 67.05 1564 1547 0.60 090 0.35 66.60 18.03 13.16 064 119 0.37
12 63.24 1354 2175 020 080 046 65.25 1551 17.16 071 100 0.37
135 62.53 12.81 22.96 0.39 0.87 044 63.76 1392 2029 0.64 101 0.38
15 62.88 12.27 23.08 0.60 059 057 62.38 13.81 2147 089 0.85 0.60
16.5 65.75 1543 17.05 0.57 0.74 048 64.10 1463 1920 071 081 054
18 67.27 17.16 13.23 094 091 049 65.05 1535 17.70 065 0.78 048
195 65.37 15.64 16.59 0.85 112 044 66.36 16.00 1544 0.68 110 042
21 63.19 17.02 17.20 124 095 040 66.59 16.71 1458 081 0.88 0.43
225 64.23 17.01 1638 077 124 0.37 65.58 17.68 1459 086 0.86 0.42
24 6458 19.79 1377 056 096 0.33 6571 16.15 1560 1.08 1.08 0.37
25.5 63.05 18.81 15.53 1.18 106 0.36 64.66 1790 1499 094 109 042
27 64.78 17.55 15.08 0.93 118 0.48 64.37 1797 1489 1.13 120 043
28.5 66.95 16.34 14.20 114 090 047 63.99 19.22 1442 0.83 114 0.40
30 63.02 19.92 1454 0.91 1.21 0.40 64.09 18.83 1394 156 1.25 0.33

432



LoHf, 400C, 10 dpa

Meas.  Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si

1 0 65.37 21.03 1134 105 121 0.36 2 66.29 19.16 11.79 147 1.07 0.23
15 6450 21.04 1218 1.05 123 0.33 64.83 1848 1324 159 135 051
3 67.48 17.46 1266 1.06 1.34 0.28 67.10 1881 11.87 0.80 0.96 0.47
4.5 65.29 1895 1333 115 128 0.36 64.08 1999 1297 134 171 -0.09
6 66.79 1824 1259 118 120 0.27 65.29 20.02 1153 138 128 0.0
7.5 6745 1824 1198 113 119 0.35 65.47 2031 1162 098 1.13 0.49
9 67.89 1787 1188 121 115 0.29 67.32 19.07 1088 0.89 165 0.19
10.5 68.28 1797 1176 0.89 1.10 0.27 66.04 20.17 1153 1.03 112 0.12
12 6792 16.26 1381 094 1.07 0.28 67.62 1830 1204 0.67 0.98 0.0
135 61.47 1299 2426 050 0.78 0.44 70.12 16.62 1114 112 0.87 0.13
15 64.94 1312 20.12 0.78 1.04 0.44 67.29 1151 19.09 050 0.66 0.95
16.5 66.99 1861 1231 0.89 120 0.35 59.44 1034 2743 050 039 191
18 66.12 19.57 1157 126 149 0.23 69.95 1586 1229 121 054 0.14
19.5 65.45 20.73 1177 065 139 0.28 6761 19.84 1029 118 0.83 0.25
21 66.66 19.06 1166 105 158 0.28 67.67 19.76 1001 152 067 0.36
225 64.45 1985 1293 120 157 0.29 67.70 1872 1161 105 0.86 0.06
24 65.67 19.45 1239 094 156 0.28 67.01 1891 1168 1.13 1.07 0.19
25.5 64.97 19.27 13.07 130 139 0.30 66.13 19.49 1249 0.88 0.64 0.37
27 65.42 1955 12.83 0.80 140 0.28 65.85 17.82 1405 0.65 1.03 0.60
28.5 65.98 18.70 1271 144 116 0.29 6754 16.72 1372 142 062 -0.01
30 66.79 18.93 1227 094 107 032 65.84 20.15 1220 128 0.65 -0.13
3 0 6489 2047 1223 129 112 0.26 4 63.96 2045 1258 156 1.19 0.26
15 64.58 20.63 1233 1.09 136 0.25 63.49 2056 1254 143 152 047
3 65.84 19.01 1277 1.08 130 0.28 6425 1990 1262 134 141 048
45 65.26 18.87 13.63 1.07 1.17 0.25 64.00 1962 1282 148 180 0.27
6 66.33 1852 12.84 1.08 123 0.23 6451 1980 1229 129 165 045
7.5 65.73 19.26 1267 115 119 0.29 64.78 2126 1043 157 161 0.35
9 67.28 19.16 1152 094 109 0.24 67.09 1860 1060 123 230 0.18
10.5 68.65 18.72 10.75 0.84 104 0.25 67.65 19.67 1014 110 149 -0.05
12 69.42 16.83 1193 1.02 080 0.29 68.59 19.18 9.84 129 113 -0.02
135 63.49 1329 2181 062 0.79 0.46 69.81 1532 1219 064 135 0.68
15 63.93 1344 2095 0.88 0.81 047 62.35 1023 2369 0.79 1.04 1.90
16.5 67.61 1738 1323 0.79 099 0.29 62.28 1181 23.07 065 088 131
18 67.15 18.62 1257 0.60 1.06 0.27 68.75 16.31 1338 0.75 0.84 -0.03
19.5 66.61 19.19 1217 084 119 0.24 66.36 19.30 1228 091 098 0.18
21 65.94 1868 1326 1.06 106 0.30 65.61 19.84 1149 152 117 0.36
225 66.98 1831 1248 098 125 0.28 6750 1844 1194 067 1.05 0.39
24 6591 1882 1331 0.71 125 0.28 66.64 1763 1343 112 1.03 0.5
25.5 66.14 1952 1232 086 1.16 0.30 6454 1851 1415 0.71 144 0.65
27 65.48 18.73 13.72 086 120 0.26 62.79 1785 1595 0.64 241 0.36
28.5 65.35 18.23 1422 1.00 121 031 61.32 2027 1490 065 265 0.20
30 66.19 17.34 1424 103 119 0.30 63.80 1858 1454 091 146 0.62
5 0 66.28 19.60 1210 0.82 1.19 0.20 6 66.00 17.69 1346 112 128 0.44
15 66.03 19.00 1251 118 128 0.20 6531 1960 1293 060 1.05 051
3 65.13 1931 1321 105 129 0.25 67.06 1854 1178 112 121 0.28
45 65.90 18.87 1275 123 125 0.21 6785 1759 1170 116 146 0.24
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Meas.  Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si

5 6 67.12 19.05 1188 084 110 0.22 6 67.55 1817 1144 123 131 0.30
7.5 67.64 1771 1233 106 126 0.21 64.83 1826 1369 1.09 147 0.66
9 68.22 19.03 1098 084 093 0.24 64.88 16.88 1469 1.00 180 0.75
10.5 70.19 16.01 1202 082 095 0.23 66.33 1994 10.77 122 148 0.27
12 67.74 1299 1767 0.78 082 0.29 6760 2011 946 142 106 0.36
135 6049 1173 2638 052 0.87 054 69.13 1766 1040 1.07 131 043
15 65.96 16.23 16.07 080 0.94 0.38 66.72 13.62 17.06 040 115 1.05
16.5 68.49 1814 1141 087 109 0.25 6150 1232 2298 045 060 215
18 66.90 19.78 11.23 1.00 1.09 0.23 68.76 16.02 1394 054 084 -0.09
19.5 66.58 19.26 12.03 1.03 1.09 0.25 68.63 17.01 1287 1.03 064 -0.19
21 66.40 20.01 1163 076 120 0.29 66.52 18.93 1235 125 0.70 0.24
225 66.34 1933 11.74 127 132 0.28 65.86 1796 1366 127 122 0.04
24 65.31 19.47 1291 103 129 0.27 64.64 1913 1352 090 163 0.18
255 65.52 1839 1397 086 126 0.30 65.23 19.13 13.04 096 155 0.09
27 65.97 18,69 13.04 100 130 0.27 65.52 1847 1249 110 169 0.74
285 66.90 18.03 1261 1.17 128 0.28 6541 1694 1450 098 163 0.55
30 66.31 1837 13.09 099 125 0.26 65.51 18.87 1291 099 154 0.19
7 0 65.90 1840 1349 093 129 0.30 8 66.41 19.60 11.32 126 114 0.27
15 66.16 1896 1237 115 1.36 0.30 64.72 1899 1354 099 114 0.62
3 66.83 1796 1248 143 130 0.30 6594 1705 1449 081 119 0.52
45 67.27 1930 10.83 1.16 144 0.32 65.77 1890 1275 101 129 0.29
6 65.69 19.34 1169 156 172 0.29 64.66 19.30 1321 135 125 0.22
7.5 6756 2053 956 087 148 0.26 64.74 1871 1288 171 166 0.31
9 68.00 18.84 1094 081 141 0.28 66.34 1777 1298 112 151 0.26
10.5 68.69 18.06 11.03 093 129 031 67.07 1886 1134 122 129 0.21
12 68.33 1777 1193 080 1.18 0.26 68.62 1855 10.71 092 093 0.26
135 6754 1466 1565 1.00 1.15 0.36 6520 1132 2013 0.70 0.78 1.87
15 61.04 1161 2555 0.73 1.07 047 65.17 1046 2223 031 050 1.33
16.5 66.74 16,52 1478 079 117 0.39 69.50 1325 1551 0.71 041 061
18 68.61 17.15 1206 095 123 0.34 69.68 16.99 1156 057 0.76 0.44
19.5 69.37 17.09 1163 063 128 0.30 69.19 1733 11.01 094 082 0.70
21 67.01 18.02 1296 070 131 0.32 69.11 1757 1122 083 096 0.31
225 6790 1728 1218 1.03 161 0.33 68.22 16.89 1293 0.77 0.77 042
24 66.88 17.62 1261 125 163 034 66.69 17.89 1378 097 0.63 0.04
255 66.68 17.20 1364 1.03 144 0.29 68.07 17.15 1240 118 1.03 0.16
27 6596 18.01 1369 1.05 129 0.32 66.80 1813 1271 092 114 0.29
285 65.95 16.49 1541 073 142 0.27 65.31 2057 1133 154 124 0.01
30 65.68 16.27 16.14 074 118 0.29 65.46 20.06 10.77 160 170 0.40
9 0 64.55 19.14 1288 144 168 0.32 10 63.92 2032 13.06 124 100 0.46
15 6523 1887 1264 115 177 034 63.46 2123 1256 128 121 0.26
3 66.43 18.40 1167 118 208 0.24 6429 19.05 1415 083 122 046
45 66.25 1819 1160 143 252 0.02 63.92 19.02 1437 114 120 0.34
6 6723 1821 1116 121 185 0.34 6422 2043 1313 089 123 0.10
7.5 66.57 1896 1140 104 169 0.34 65.08 19.32 1263 125 161 0.11
9 6731 1828 1128 106 173 0.33 66.64 19.10 1138 1.04 154 0.29
10.5 67.94 1745 1208 1.09 126 0.17 68.58 17.19 12.08 1.02 093 0.20
12 67.84 1758 1234 075 124 0.25 68.98 16.65 1231 082 0.88 0.36
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Meas.  Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
9 135 64.09 10.71 2215 086 1.05 114 10 6730 13.24 1744 071 052 0.78
15 63.01 10.38 2332 078 1.03 147 6158 10.01 2494 083 079 185
16.5 66.49 1512 1568 1.13 1.06 0.53 65.67 1513 1720 085 044 0.71
18 65.26 1581 1559 137 137 0.59 66.76 1736 1369 121 0.69 0.29
19.5 66.82 1898 1184 115 124 0_62 68.28 18.82 1055 1.05 110 0.20
21 65.81 19.68 11.74 114 160 0.03 6790 1791 1113 140 136 0.32
225 66.95 1547 1381 141 206 0.30 68.27 16.81 1193 167 137 -0.06
24 66.39 1896 1230 097 130 0.09 6739 1780 1271 0.74 109 0.27
255 65.29 19.63 1212 100 174 0.21 65.82 1728 1361 136 117 0.75
27 66.77 1749 1242 055 211 0.67 66.96 1753 1268 1.02 167 0.14
285 66.53 16.45 1449 062 162 0.29 65.50 18.94 1245 151 154 0.05
30 63.55 17.05 16.83 079 157 0.21 66.71 1810 1234 112 126 047
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HiHf, 400C, 3 dpa, 3.2 MeV p+

Meas.  Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
1 0 66.22 20.01 1226 073 058 0.20 2 64.32 2026 1282 085 156 0.19
15 66.69 18.78 1262 109 061 021 65.07 18.89 13.16 122 141 0.24
3 64.97 19.68 1371 081 061 021 65.38 19.08 12.60 131 141 0.22
4.5 65.67 19.34 1312 1.07 059 0.20 65.36 18.80 1291 122 150 021
6 65.89 19.22 1317 0.88 063 022 65.05 19.61 1256 1.09 146 0.22
7.5 65.46 20.30 1231 096 072 0.25 65.77 1891 1234 126 149 0.23
9 66.39 18.80 1298 096 064 022 66.83 1852 1169 135 139 0.23
10.5 66.62 18.95 1249 103 067 023 66.33 18.88 12.01 118 135 0.24
12 67.56 17.54 1313 069 080 0.28 66.43 1821 1290 095 124 0.27
135 67.32 15.78 1495 075 0.89 031 65.83 17.41 1431 090 128 0.27
15 65.46 13.79 1845 049 134 047 67.88 14.27 1575 0.64 1.09 0.37
16.5 67.11 15.45 1551 056 101 035 6758 1338 1692 0.83 0.86 043
18 65.99 18.06 13.77 067 112 0.39 66.86 1545 1549 081 096 042
19.5 66.39 18.37 1327 0.73 092 0.32 6724 1730 1291 105 121 0.28
21 65.49 19.20 1339 059 099 035 65.63 1863 1275 145 129 0.26
225 64.92 19.65 1324 098 090 031 66.21 18.60 1246 117 132 0.24
24 66.02 19.11 1286 064 101 0.35 65.87 1954 1190 115 123 031
25.5 64.90 18.73 1401 1.02 100 0.35 66.09 1830 12.69 124 140 0.28
27 64.78 18.19 15.01 068 1.00 0.35 66.29 19.05 1211 097 132 0.26
28.5 65.12 18.79 14.03 062 1.07 037 65.12 19.67 1260 091 144 0.27
30 66.69 18.18 1293 0.89 098 0.34 65.44 19.03 12.64 117 142 031
3 0 65.58 19.40 1224 109 146 0.22 4 64.15 1674 1631 1.07 146 0.27
15 65.18 19.10 1292 104 151 025 65.26 17.44 1477 103 127 0.23
3 65.60 18.54 1316 1.12 138 021 65.57 1778 1393 1.09 140 0.23
45 65.06 19.10 1259 147 157 022 65.02 1829 1425 090 131 0.23
6 65.17 19.41 1252 121 147 022 65.79 1825 1327 113 136 0.20
7.5 65.26 19.05 1277 119 151 0.24 65.22 1894 1331 106 125 0.22
9 65.14 19.27 1262 133 143 0.21 64.77 2013 1262 096 129 0.22
10.5 65.23 19.67 1221 121 146 0.21 66.42 1773 1320 105 139 0.21
12 66.70 19.06 1194 094 113 0.24 68.97 1574 13.09 0.74 122 0.24
135 67.00 17.21 1331 101 118 0.30 65.18 1250 20.30 0.58 0.97 047
15 66.48 14.83 16.60 0.67 096 0.45 66.79 1222 1919 056 081 043
16.5 65.31 14.41 18.04 0.85 098 042 67.38 16.24 1416 081 1.06 0.36
18 65.06 15.64 16.63 1.11 113 043 6799 16.43 1332 0.89 104 0.34
19.5 66.61 18.40 1251 1.05 115 0.27 67.24 1786 1255 0.83 125 0.26
21 65.80 18.63 1274 128 124 0.30 67.01 1776 1233 121 143 025
225 66.11 18.67 1242 122 131 0.26 66.35 1897 1226 098 117 0.26
24 64.76 19.55 1294 118 127 0.30 6729 1781 1234 100 131 0.26
25.5 66.45 17.98 1317 1.06 1.04 0.29 67.02 1786 1238 0.98 147 0.30
27 66.83 17.27 1357 101 101 0.30 65.25 19.06 12.80 1.18 148 0.24
28.5 66.72 16.00 1474 115 110 0.29 65.53 18.74 1260 127 158 0.28
30 66.02 16.79 1499 086 1.03 031 66.28 19.09 1181 121 136 0.25
5 0 65.86 18.68 12.78 1.03 144 0.21 6 65.07 19.88 12.17 1.09 158 0.21
15 65.27 18.24 1365 129 132 0.23 6431 1943 1320 122 162 0.22
3 66.00 18.43 1312 090 130 025 63.80 1888 14.16 121 166 0.21
45 65.80 17.78 1389 104 124 024 64.42 2015 1234 139 151 0.19
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Meas.  Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
5 6 65.39 18.06 1400 099 133 0.23 6 65.39 19.28 1239 131 137 0.25
7.5 65.40 1836 13.76 111 114 0.22 64.90 19.24 1285 124 153 024
9 66.15 18.61 1233 127 138 0.26 65.23 18.88 1277 145 143 024
10.5 66.26 18.71 1248 103 128 024 65.72 1931 1262 1.02 108 0.25
12 66.08 1868 13.08 0.70 1.17 0.28 6738 1786 1228 096 130 0.22
135 66.02 1653 1512 084 116 0.32 68.59 1649 1267 088 111 0.25
15 67.42 13.92 16.37 093 094 042 65.11 1350 19.16 060 1.13 0.50
16.5 66.36 13.52 1787 076 105 043 67.14 1244 1837 069 093 043
18 68.27 1545 1412 081 0.96 0.37 69.02 16.32 1270 073 091 0.32
19.5 66.72 18.17 1267 107 104 033 68.03 1827 1160 089 0.98 0.24
21 65.60 1930 1226 119 135 0.30 66.49 1823 1251 122 127 0.27
225 66.08 19.47 11.76 119 126 025 66.92 18.08 1215 120 140 0.24
24 64.71 1998 1256 1.18 127 031 66.10 1894 1231 105 131 0.29
255 66.11 1858 1260 121 127 0.23 66.34 1855 1231 115 141 0.25
27 66.21 17.87 1339 091 130 0.32 66.98 17.86 1256 1.04 129 0.26
285 65.24 1858 1383 082 120 0.33 65.19 17.81 1450 1.04 117 0.29
30 64.58 19.29 1340 1.03 139 0.32 66.10 18.65 12.85 088 124 0.29
7 0 64.68 19.22 1336  1.06 147 0.21 8 65.89 1842 1299 125 118 0.27
15 65.80 1793 1318 140 149 021 6594 1751 1372 123 139 021
3 64.74 19.61 1277 114 151 023 65.81 1852 1296 1.04 147 0.20
45 64.35 1940 1301 141 165 0.19 64.89 1940 12582 110 157 0.22
6 64.67 1884 1332 132 159 0.25 64.87 1957 1239 131 164 0.21
7.5 65.12 18.49 1330 127 159 0.23 64.84 1936 1271 136 153 0.19
9 65.27 18.39 1343 131 135 0.25 6436 1991 1270 126 156 0.21
10.5 65.72 19.05 1250 119 133 0.21 65.09 19.03 1317 114 135 0.23
12 65.54 19.61 1227 090 143 024 66.00 1835 1282 111 149 023
135 66.52 1810 1256 123 136 0.23 66.81 1838 1218 1.01 138 0.23
15 68.47 16.41 1299 059 129 0.26 68.85 1586 1296 081 124 0.27
16.5 66.11 1358 1826 059 1.05 0.42 66.41 1237 1932 059 094 0.38
18 66.94 12.52 1819 086 1.03 045 68.17 1298 16.86 066 0.94 0.39
19.5 69.28 15.61 1290 095 096 0.30 6845 1590 13.70 058 1.06 0.31
21 67.68 1744 1225 124 110 0.29 66.75 1826 1272 1.04 098 0.25
225 66.66 1834 1240 103 130 027 66.83 1820 1258 099 112 0.28
24 66.26 1830 1283 1.18 1.17 0.26 65.41 1929 1258 123 121 027
255 65.78 1756 1384 125 131 025 64.46 1950 13.17 124 138 025
27 66.13 1855 1243 123 141 025 66.08 1885 12.06 129 144 0.28
285 66.21 1770 1306 119 158 0.27 6546 19.12 1247 128 141 0.26
30 65.53 17.92 1336 131 163 0.26 66.36 17.98 1240 138 159 0.28
9 0 65.76 18.16 1345 116 124 0.23 10 64.87 1882 1345 117 143 0.26
15 65.93 18.11 1343 103 128 022 64.65 1956 1292 116 147 025
3 65.58 1795 1358 122 147 021 65.66 1859 1274 136 140 025
45 65.09 18.87 1310 127 149 0.19 64.40 1992 1271 098 171 0.28
6 65.05 19.08 1317 098 149 0.23 65.02 1846 1297 144 186 0.25
7.5 64.54 19.70 1310 107 141 0.9 65.06 18.02 1332 132 201 0.26
9 65.93 1883 1240 108 155 0.21 67.55 17.05 1249 109 160 0.22
10.5 65.23 19.33 1273 103 146 0.22 6742 1736 1267 095 134 0.26
12 65.74 1890 1264 107 143 0.21 67.71 1657 1312 086 146 0.28
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Meas.  Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
9 135 67.45 1736 1270 101 126 0.22 10 70.34 1430 1270 106 131 0.28
15 67.27 13.59 16.78 0.76 128 0.33 69.00 1299 1581 056 129 0.35
16.5 65.82 1234 1959 0.82 0.98 045 67.28 13.63 16.79 061 130 0.39
18 68.76 13.97 15.17 074 095 0.40 68.50 1516 13.82 0.76 139 0.36
195 67.73 16.89 1330 074 104 031 67.32 1794 1217 087 143 027
21 66.56 1820 1280 093 123 0.27 66.39 18.69 1194 115 152 031
225 66.13 17.99 1348 076 137 0.27 65.95 18.90 1214 104 168 0.29
24 66.84 18.37 1218 096 137 0.27 67.03 17.72 1239 097 162 0.27
255 65.40 18.67 1311 111 149 0.22 65.58 17.97 13.08 122 187 0.27
27 66.48 18.04 1249 104 166 0.29 66.44 1810 1226 1.11 181 0.28
285 66.14 18.08 1286 1.16 151 0.25 65.88 17,57 1331 1.06 190 0.28
30 66.56 17.97 1263 122 135 027 66.05 1797 1311 083 173 031
11 0 65.82 18.51 1268 120 155 0.25 12 6546 19.68 1211 1.00 152 0.24
15 65.70 18.02 1343 092 172 0.22 6520 19.16 1239 139 164 0.21
3 64.69 18.81 1326 127 172 0.26 65.09 19.00 12.68 1.10 1.89 0.24
45 65.35 18.82 1296 094 166 0.28 65.61 1895 1232 117 171 0.25
6 65.07 19.01 1290 115 164 0.23 6547 1947 1222 099 161 0.23
7.5 65.88 18.67 1236 113 171 0.24 65.86 18.82 1216 129 164 0.23
9 65.73 18.42 1260 127 172 027 65.46 19.08 1246 114 159 0.26
10.5 66.01 1858 1224 111 179 027 67.20 18.02 1187 113 149 0.30
12 68.02 1738 1183 107 146 0.25 68.97 1636 1190 1.16 132 0.29
135 68.63 1523 1376 0.77 131 0.30 68.69 1549 1342 090 120 031
15 67.01 1265 1815 056 122 041 68.87 12.84 1610 057 123 0.38
16.5 67.57 1393 1615 093 0.99 043 68.27 1328 16.36 054 1.09 0.6
18 67.89 1563 1402 093 117 0.36 69.23 13.92 1451 081 110 043
19.5 67.31 1784 1186 128 146 0.26 67.27 1772 1248 091 135 027
21 67.04 17.12 1278 105 171 0.30 66.65 18.20 1222 114 149 0.30
225 66.27 1780 1352 067 146 028 66.72 18.84 1143 124 148 0.29
24 67.24 17.02 1313 090 141 0.30 6545 19.00 12.82 101 149 0.23
255 67.46 16.98 1289 078 162 0.27 6453 19.63 1312 090 153 0.29
27 66.14 18.59 1264 088 147 0.27 64.05 19.78 1328 085 1.73 0.30
285 66.72 18.21 1175 126 180 0.26 63.90 1947 1379 104 148 0.32
30 65.81 18.72 1236 1.16 163 031 63.92 1839 1466 131 141 0.32
13 0 67.33 1750 1288 0.77 126 0.26 14 6535 18.63 1340 1.01 136 0.25
15 65.11 18.77 1329 103 156 024 66.50 17.09 1386 094 140 021
3 65.25 1945 1252 094 162 0.22 6571 17.92 1408 070 139 0.21
45 65.31 18.39 1250 161 191 0.28 65.38 17.99 1401 107 128 0.27
6 65.51 1795 1313 133 184 0.24 64.28 19.02 1399 1.02 144 024
7.5 65.62 19.07 1204 113 188 0.24 65.07 1871 1335 1.09 153 0.26
9 66.05 1875 12.05 125 166 0.25 65.89 1822 1291 127 147 024
10.5 66.64 18.42 1231 090 151 o021 66.62 1859 12.09 1.08 139 0.23
12 67.48 17.21 1261 094 149 027 67.44 1749 1275 074 130 0.27
135 68.13 1648 1283 085 136 0.31 66.83 1517 1570 0.73 121 0.36
15 67.35 1278 1733 093 123 0.37 66.21 13.69 1792 063 114 042
16.5 66.40 1243 1899 065 114 0.39 67.36 13.84 1655 057 123 045
18 66.92 13.59 1725 067 114 042 68.75 1493 1388 085 124 0.35
19.5 67.67 17.07 1245 114 131 0.36 68.12 17.15 1236 089 122 0.26
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Meas.  Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
13 21 67.00 17.77 1240 124 130 0.29 14 66.80 17.66 13.16 091 116 0.30

225 67.06 1756 1244 104 162 0.29 66.20 17.03 1412 110 122 0.32

24 66.62 1753 1312 102 145 0.26 6524 1811 1375 116 141 0.33

255 65.90 1788 1312 124 160 025 65.61 1853 1286 121 150 0.28

27 66.25 16.94 1390 123 137 031 66.36 17.70 13.07 090 171 0.26

285 65.48 18.21 1365 095 142 0.30 6457 19.66 1250 131 166 0.31

30 66.06 17.82 1332 120 129 031 64.63 1942 1256 130 1.82 0.28
15 0 66.75 1855 1161 124 160 0.25

15 65.51 1895 1257 118 153 0.26

3 64.01 1940 1337 127 170 0.24

45 64.43 1983 1294 092 164 025

6 65.00 19.32 1281 096 166 024

7.5 64.81 1990 1184 150 170 0.25

9 66.15 19.07 1160 117 176 0.25

105 65.50 19.01 1216 123 183 0.26

12 67.26 1844 1166 0.89 145 0.29

135 67.54 16.64 1322 0.87 150 0.23

15 67.10 14.01 1661 071 120 0.36

16.5 67.35 14.21 16.14 071 1.10 050

18 66.72 16.34 1472 056 1.18 048

195 66.92 18.57 1194 098 127 031

21 65.35 19.06 1275 121 138 0.26

225 66.66 17.22 1313 110 160 0.29

24 65.86 17.47 13.77 121 141 0.28

255 66.60 17.75 1317 0.80 143 0.25

27 65.91 1734 1406 090 152 0.28

28.5 67.95 17.17 1221 112 131 024

30 66.57 1803 1263 091 158 0.29
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HiHf, 400C, 3 dpa, 2 MeV protons

Meas.  Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
1 0 6592 2041 1082 130 130 0.25 2 65.41 19.90 11.78 124 143 0.25
15 64.95 2042 1189 125 119 0.30 65.59 19.69 1148 145 154 0.26
3 64.68 20.61 11.82 137 128 0.25 65.08 20.00 11.89 122 154 0.27
4.5 65.84 1936 1160 152 145 0.23 65.30 19.92 1186 1.30 1.40 0.23
6 65.13 2071 1163 1.07 123 0.23 65.18 2043 1161 115 139 0.24
7.5 65.61 2047 1112 117 136 0.27 65.96 1959 1167 118 135 0.26
9 6733 19.63 1055 1.14 109 0.26 67.05 1932 1114 119 1.08 0.22
10.5 68.66 16,51 1264 090 1.05 0.25 68.65 18.71 1057 086 099 0.22
12 67.01 1293 1830 048 093 0.37 6759 13.83 1680 068 075 0.35
135 6785 1345 1662 081 1.02 0.24 66.99 1346 1765 054 105 0.31
15 6795 1691 1311 060 124 0.19 6754 18.69 1094 132 133 0.18
16.5 6583 1935 1225 1.08 130 0.19 66.27 20.25 1072 105 157 0.14
18 6727 1886 1147 085 139 0.16 64.71 20.81 1147 136 145 0.20
19.5 66.41 1948 1160 096 139 0.16 66.75 1831 1202 116 161 0.5
21 65.25 19.42 1256 112 144 0.20 65.42 19.64 1197 109 168 0.19
225 66.10 19.13 1241 081 139 0.5 6455 1945 1270 128 184 0.18
24 6591 1871 1213 128 177 0.20 65.42 19.33 1215 125 168 0.17
25.5 65.68 19.25 1237 086 167 0.16 64.77 20.89 1135 1.16 164 0.19
27 65.45 1890 1290 091 165 0.18 64.79 2050 11.74 104 176 0.17
28.5 65.59 1843 1314 105 159 0.20 65.26 19.76 11.89 115 175 0.18
30 66.18 1859 1230 101 172 0.20 63.91 20.19 1290 117 167 0.17
3 0 65.75 1970 1156 132 140 0.28 4 65.36 1990 1169 130 146 0.28
15 66.07 19.35 1171 125 136 0.26 65.30 19.88 1197 124 136 0.23
3 65.28 20.36 11.67 118 129 0.22 65.41 18.83 1268 161 122 0.25
45 65.36 19.95 1168 129 148 0.25 65.56 18.76 1291 146 1.06 0.25
6 66.58 19.66 11.25 099 128 0.23 65.82 18.85 1254 127 126 0.26
7.5 66.65 19.09 11.77 110 118 0.22 66.20 17.89 1328 119 117 0.27
9 66.86 19.02 1162 120 1.08 0.23 66.74 1819 1275 094 113 0.24
10.5 66.79 1952 1165 089 092 0.23 67.62 1856 11.33 120 1.04 0.24
12 68.57 1748 1185 087 1.00 0.24 68.12 16.32 1364 079 0.83 0.30
135 68.55 16.38 1324 058 098 0.27 65.55 11.77 2095 046 0.89 0.38
15 66.28 1343 1835 054 109 031 67.68 16.76 13.71 053 111 021
16.5 68.43 1725 1190 1.02 123 0.17 66.44 1951 1134 125 131 0.15
18 66.54 1952 1130 1.02 145 0.18 66.05 20.25 1096 1.11 149 0.15
19.5 6597 2017 1114 115 141 0.15 65.67 19.81 1168 117 151 0.16
21 65.70 20.26 1145 089 154 0.17 64.70 19.69 1233 142 170 0.16
225 65.27 1954 1215 122 164 0.18 6559 19.67 1187 096 174 0.17
24 65.65 19.10 1230 107 167 021 65.14 1946 1235 117 173 0.15
25.5 6579 17.70 1388 097 149 0.16 65.70 19.78 1150 1.18 166 0.17
27 66.59 1819 1293 084 126 0.19 65.02 20.07 1216 105 155 0.15
28.5 6729 1736 1278 110 128 0.18 66.04 19.76 1118 120 1.67 0.16
30 65.09 2022 1163 136 154 0.16 65.78 19.56 11.37 134 178 0.17
5 0 65.62 19.74 1201 107 127 0.28 6 64.88 20,57 11.73 117 140 0.24
15 66.55 18.72 1187 140 123 0.23 65.07 20.75 1144 116 132 0.27
3 66.36 19.14 1208 111 1.08 0.22 65.24 2039 11.78 1.03 130 0.26
45 66.69 18.82 1216 1.06 1.03 0.24 65.13 1946 1244 131 138 0.28
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Meas.  Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
5 6 67.01 1798 1249 110 116 0.25 6 65.11 1990 1197 134 141 0.27
7.5 64.36 18.78 1423 099 131 0.33 64.95 20.88 1084 150 1.63 0.21
9 66.24 20.13 1114 111 111 0.27 66.28 20.18 11.00 090 141 0.24
10.5 66.62 2059 1049 096 1.09 0.25 67.19 19.61 11.04 088 104 0.24
12 68.28 1648 1321 086 0.89 0.29 68.59 1472 1502 050 0.83 0.34
135 6456 12.76 20.78 050 1.01 0.39 66.84 1300 1839 060 0.88 0.30
15 68.15 1760 1199 078 132 0.17 67.77 1920 1070 104 112 0.17
16.5 67.88 1892 1056 1.08 138 0.18 66.25 19.84 1123 099 151 0.18
18 65.92 2002 1113 126 151 0.14 65.98 1969 1165 106 145 0.17
19.5 65.14 2030 1164 120 157 0.14 65.64 19.75 1184 110 151 0.5
21 65.69 19.30 1231 1.08 147 0.5 65.37 2033 1115 116 180 0.18
225 65.09 19.87 1194 127 167 0.16 64.73 2080 1143 104 182 0.18
24 65.57 2031 1134 115 148 0.5 64.80 19.86 1213 129 175 0.16
255 66.63 18.16 11.83 155 164 0.19 64.98 2000 1183 129 172 0.8
27 66.17 19.03 1185 129 147 0.19 6446 2039 1219 104 174 0.18
285 65.57 1950 1195 117 165 0.16 6542 1914 1222 132 171 0.19
30 65.87 1931 1160 139 167 0.17 65.34 1827 1352 118 152 0.18
7 0 64.85 2050 1119 175 144 0.27 8 6548 20.36 11.09 146 131 0.29
15 6419 2113 1157 131 150 0.30 64.45 2051 1219 113 145 0.27
3 6437 2081 1149 154 153 0.26 65.09 20.58 1157 1.11 137 0.28
45 6439 2160 1136 115 122 0.28 65.06 20.72 1141 129 128 0.25
6 64.97 2046 1165 138 129 0.26 65.23 19.87 1222 116 125 0.27
7.5 65.83 2038 1137 086 128 0.28 64.99 2009 1230 119 114 0.29
9 6549 1991 1210 110 111 0.29 66.35 1891 1218 124 1.06 0.27
10.5 66.66 19.11 1183 087 125 0.28 66.16 1999 1139 106 110 0.30
12 6599 15.03 16.73 0.74 104 047 67.17 16.88 1391 087 083 0.34
135 65.16 1546 1714 071 114 040 66.04 1505 16.81 0.71 0.99 0.39
15 6731 1890 1121 127 102 0.29 67.06 1452 1658 045 1.04 0.36
16.5 66.32 1989 1122 112 112 0.32 67.39 1629 1432 072 094 034
18 66.15 19.70 1165 1.04 117 0.29 67.99 1845 11.07 112 1.09 0.29
19.5 65.52 20.10 1172 125 116 0.25 66.92 1964 1117 102 0.97 0.29
21 65.76 19.82 1162 134 118 0.27 65.22 20.74 1156 108 1.09 0.31
225 65.72 1933 1216 131 119 0.28 64.83 20.84 1168 122 114 0.29
24 65.71 20.08 11.71 1.09 117 0.24 65.13 1955 1296 099 110 0.26
255 66.31 19.07 11.88 121 127 0.26 65.42 19.12 1295 098 125 0.29
27 64.73 1947 1292 132 129 0.27 65.60 19.13 1282 102 120 0.23
285 65.56 19.31 1237 121 127 0.28 65.96 19.36 1236 098 1.08 0.24
30 6543 20.11 1194 100 125 0.27 66.06 18.82 1227 142 114 0.30
9 0 65.61 19.73 1168 154 115 0.29 10 6443 2165 1079 149 140 0.25
15 6541 1959 1251 088 129 0.33 64.43 2138 1124 117 153 025
3 65.03 19.83 1261 1.08 118 0.27 64.28 21.27 11.03 168 152 022
45 65.07 20.07 1227 112 121 0.26 63.97 21.67 11.78 105 126 0.27
6 6538 20.19 1181 116 119 0.27 65.09 20.95 1130 104 139 0.24
7.5 65.27 2059 1149 116 124 0.24 65.35 2024 1154 126 132 0.28
9 65.81 2040 1095 116 138 0.29 64.88 2083 1149 131 128 0.22
10.5 6542 21.15 1094 109 114 0.26 66.97 1941 1117 117 104 0.23
12 6740 19.18 1118 084 111 0.28 67.10 19.10 1168 0.87 0.96 0.28

441



Meas.  Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
9 135 66.01 1552 1625 086 095 041 10 66.11 16.15 1588 064 0.85 0.37
15 66.17 1389 1790 084 078 0.42 66.30 1473 1679 090 0.88 0.40
16.5 67.38 2001 1063 066 1.03 0.28 66.37 1522 1632 071 0.99 0.39
18 66.61 19.76 1119 106 112 0.28 6599 19.87 1183 101 104 027
19.5 67.18 1871 1168 097 119 0.27 65.89 2030 1153 093 1.08 0.28
21 6649 1938 1158 1.14 117 0.24 64.77 2090 1150 124 132 0.27
225 65.69 1952 1191 134 127 0.26 65.00 2049 1191 117 115 0.27
24 65.37 2055 1123 124 133 0.28 65.11 2026 11.82 126 128 0.27
255 65.68 19.71 1153 148 135 0.25 64.82 2035 1228 1.02 128 0.24
27 6470 21.06 1141 120 135 0.28 65.53 2047 1133 119 123 0.26
285 65.00 2041 1159 147 126 0.27 64.94 2057 1167 123 132 0.26
30 65.10 2069 11.13 139 138 031 6455 20.59 1192 121 148 0.25
11 0 64.78 2074 1140 143 134 0.30 12 65.68 2027 1168 101 112 0.24
15 64.93 2051 1168 120 141 0.27 66.51 1993 1100 1.16 112 0.26
3 6543 2058 1123 118 132 0.25 67.83 1840 1173 091 0.85 0.28
45 65.67 2050 1122 116 119 0.27 65.06 1385 19.06 090 0.73 041
6 66.13 2050 1092 1.06 113 0.27 68.30 1832 1126 0.82 0.99 0.31
7.5 66.69 20.34 1048 1.02 122 0.25 66.99 19.11 1159 107 101 0.23
9 67.87 1934 1065 094 091 0.29 65.69 2043 1138 096 127 0.27
10.5 68.88 18.13 1119 068 084 0.28 65.27 19.71 1241 114 121 0.27
12 6520 1334 1944 076 083 042 65.06 19.36 1299 104 131 0.25
135 6526 1508 1751 087 092 0.36
15 67.14 1848 1236 079 097 0.25
16.5 65.97 20.12 1125 120 120 0.28
18 66.34 1992 11.03 128 118 0.26
19.5 65.64 19.96 1148 140 126 0.26
21 6537 2025 11.72 108 134 0.25
225 6568 1991 1170 119 125 0.28
24 65.93 1986 1112 158 125 0.25
255 65.03 2008 1224 107 135 0.23
27 65.83 1894 1275 115 1.09 0.24
285 65.26 19.09 13.04 117 117 0.27
30 6453 19.01 1440 082 094 0.29
13 0 6597 2111 1076 091 099 0.26
15 68.76 18.00 1123 079 095 0.28
3 67.25 2006 10.38 1.05 099 0.27
45 6841 1725 1234 080 089 0.30
6 66.76 1419 1726 050 0.89 0.40
7.5 6843 1632 13.06 094 091 0.35
9 68.01 17.27 1266 094 085 0.27
10.5 65.11 20.68 11.27 138 130 0.26
12 6543 2074 1103 131 122 0.28

442



HiHf, 400C, 7 dpa, 3.2 MeV p+

Meas. Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si

1 0 65.03 19.98 12.17 1.01 154 0.27 2 64.96 20.10 1220 1.02 153 0.20
15 65.88 1887 1267 120 114 0.24 66.60 17.97 1225 155 142 022
3 66.76  19.13 11.53 1.09 123 0.26 6555 18.98 13.10 113 107 0.17
4.5 68.49 17.44 11.27 1.25 134 021 65.39 19.09 1258 129 140 0.25
6 67.49 18.20 11.76 1.08 123 024 66.75 17.67 13.07 116 113 0.23
7.5 70.19 17.09 10.66 086 097 0.21 65.76 18.12 1365 087 135 0.25
9 68.55 17.61 11.86 0.72 1.06 0.20 67.20 17.83 1258 091 125 0.22
10.5 72.13  13.83 1232 066 081 0.25 70.10 16.69 1122 065 111 0.23
12 59.87 8.15 3031 060 059 048 7189 1540 1078 086 084 0.24
135 61.44 8.15 2885 050 0.67 0.39 73.06 1164 1371 074 058 0.26
15 7121  13.79 1324 068 082 0.27 5960 7.79 3092 049 074 046
16.5 69.11 17.30 11.28 1.01 1.05 0.26 65.77 1124 2139 060 0.72 0.28
18 66.18 1995 1167 083 118 0.19 69.86 13.84 1437 091 080 0.22
195 66.43 18.93 11.69 1.33 139 0.22 68.22 17.74 1204 076 101 0.23
21 66.85 18.68 1142 122 157 0.26 68.30 16.61 13.06 072 110 0.22
22.5 66.39 18.84 11.63 1.07 184 0.22 68.56 15.63 13.78 0.69 113 0.21
24 66.28 1921 1131 117 180 0.22 65.59 17.74 1430 094 121 022
25.5 65.58 18.89 12.72 1.15 144 0.23 67.68 16.72 1321 093 119 0.27
27 65.79 18.21 12.75 1.38 165 0.23 66.70 16.92 1357 122 135 024
28.5 64.38 19.50 13.07 111 172 0.23 65.86 17.28 1421 114 129 0.22
30 63.93 19.34 14.02 1.04 141 027 65.61 17.48 1410 134 120 0.27
3 0 66.49 1856 1235 1.05 130 0.25 4 65.03 18.87 13.66 099 1.16 0.29
15 65.80 1946 1212 108 135 0.18 6490 19.37 13.09 125 113 0.26
3 64.82 19.78 12.57 104 155 024 65.84 1820 1330 106 135 0.26
45 66.22 1868 1232 096 161 0.21 65.57 18.83 1327 090 120 0.22
6 65.50 19.73 1247  0.83 125 0.23 65.92 19.21 1237 114 110 0.26
75 64.88 19.10 1340 1.02 136 0.24 6729 1830 1211 082 122 027
9 66.01 18.74 12.49 1.27 129 0.20 66.71 18.30 1284 080 115 0.9
10.5 66.32  18.05 13.40 1.02 096 0.25 67.74 18.04 1224 086 093 0.19
12 68.89 16.49 1296 068 077 0.21 70.60 16.03 1169 069 0.77 0.21
135 68.17 1060 1966 053 068 0.35 7183 1274 1362 086 0.72 0.23
15 54.87 7.47 3587 058 0.65 0.56 59.66 822 30.30 0.74 058 0.50
16.5 69.34 12116 17.06 049 070 0.25 63.65 10.66 24.33 040 063 0.33
18 69.89 14.90 13.05 0.87 1.02 0.27 67.70 1339 1720 0.76 0.73 0.21
195 68.96  16.96 11.80 0.98 111 019 68.24 1648 1312 098 091 0.26
21 67.73 1952 1061 089 1.05 0.20 6791 1650 1346 094 096 0.22
225 68.93 17.34 10.70 134 147 022 67.20 17.00 1386 049 125 0.20
24 65,51 19.76 1244 077 131 0.20 66.43 1872 1263 099 106 0.17
255 64.15 19.42 13.69 0.89 161 024 65.89 1839 1334 095 122 0.21
27 65.67 17.85 1341 134 151 0.22 65.01 19.00 13.23 107 146 0.23
28.5 65.88  19.06 12.34 117 136 0.20 65.64 18.80 13.00 0.83 148 0.25
30 65.42 18.43 13.25 1.11 153 0.26 65.07 18.61 13.10 136 160 0.25
5 0 64.02 19.35 13.41 160 141 0.22 6 65.31 17.02 1511 122 111 024
15 63.81 19.63 13.60 104 169 024 65.41 18.08 1401 096 126 0.28
3 65.08  18.07 14.17 1.04 141 024 65,55 1822 1385 099 119 0.20
4.5 64.19 18.25 14.76 1.07 150 0.22 64.97 18.04 1451 094 136 0.18

443



Meas. Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
5 6 67.76 1761 1200 103 136 0.23 6 64.77 1930 1352 084 140 0.18
75 68.13 17.71 1175 100 117 0.24 66.32 1946 1173 121 112 017
9 70.26 16.03 1151 091 104 0.25 67.44 1857 11.74 096 1.08 0.22
10.5 7142 1581 1067 1.00 085 0.24 6753 1833 1221 086 0838 0.19
12 7170 1157 1528 061 061 0.23 70.24 1400 1413 066 0.70 0.27
135 59.46  7.96 3099 043 074 042 65.47 1141 2187 039 049 037
15 6433 10.58 2342 0.72 0.66 0.30 6154 922 2764 053 0.66 042
16.5 6844 1564 1369 1.09 090 0.24 67.34 1334 1785 056 065 0.26
18 70.32 1783 1010 076 076 0.23 6750 16.87 13.94 045 103 0.21
195 68.96 17.20 1187 081 096 0.19 66.72 19.06 12.07 1.02 090 0.24
21 67.66 17.02 1286 125 097 0.25 67.44 1829 12.05 094 107 021
225 66.60 1891 1217 1.00 1.06 0.26 65.25 19.37 1280 107 128 0.23
24 67.07 1898 1126 1.04 142 0.23 6432 20.73 1250 093 130 0.21
255 6836 1745 1164 086 146 0.23 6423 19.62 1354 092 145 0.24
27 67.58 1692 1289 090 147 0.25 6441 19.47 1345 086 158 0.23
285 6751 1755 1173 136 161 0.23 63.31 20.62 1358 092 134 0.23
30 66.08 18.83 1214 131 140 0.23 64.09 1951 1343 142 130 0.25
7 0 6391 2022 1310 1.07 150 0.19 8 65.22 18.64 1372 096 125 0.21
15 64.60 1849 1355 1.07 201 0.28 65.96 19.07 1251 081 144 022
3 64.00 2029 1298 089 163 0.21 66.34 1813 1271 113 144 025
45 66.45 1892 1164 1.03 174 0.22 65.89 1854 1245 162 129 0.20
6 65.63 1961 1222 082 149 0.23 65.95 18.68 1275 114 127 021
75 66.64 1830 1245 082 159 0.20 66.91 17.68 12.67 128 126 0.21
9 67.01 1857 1162 104 152 0.23 6719 1833 1181 115 131 0.21
10.5 67.37 1765 1222 092 165 0.19 6742 1794 1224 108 111 0.20
12 68,57 1821 1083 098 115 0.25 68.71 1596 13.06 099 1.03 0.24
135 70.74 1510 1215 080 1.02 0.19 68.67 1249 1720 047 093 025
15 58.86 9.01 3030 054 081 049 60.46 9.70 2821 059 0.62 042
16.5 67.75 11.07 1976 047 070 0.26 60.15 867 2954 054 065 044
18 7071 1446 1316 059 083 0.25 70.60 17.05 1030 091 089 0.25
19.5 68.91 1640 1229 087 132 0.21 68.20 17.17 1242 101 101 0.19
21 66.21 1754 1403 072 129 021 67.84 17.09 1257 121 1.09 0.19
225 66.50 17.09 1373 122 120 0.25 68.31 16.43 1244 103 153 0.26
24 66.65 16.83 1420 096 117 0.20 66.74 1880 1154 096 173 0.23
255 66.82 17.28 1362 086 121 0.22 64.83 19.29 1249 141 174 024
27 66.25 1748 1371 102 136 0.17 6535 19.44 12,01 120 180 0.20
285 6551 1814 1390 1.07 118 0.8 66.02 1881 1195 112 189 0.22
30 66.71 17.25 1342 141 1.02 0.19 65.66 19.96 1139 106 1.73 0.20
9 0 66.42 1823 1367 076 068 0.24 10 65.17 1781 1473 085 115 0.29
15 66.62 1869 1250 092 1.08 0.19 6555 1824 1362 106 131 0.21
3 66.80 19.00 1182 080 136 0.21 65.52 18.04 13.60 121 137 0.26
45 66.93 19.27 1144 051 161 0.24 6558 19.09 1233 119 158 0.23
6 66.91 1768 1279 073 165 0.23 66.59 1817 1285 087 130 0.22
75 6735 1883 1125 088 144 0.25 67.43 17.04 1290 101 142 021
9 68.29 1948 994 091 117 o021 68.00 17.44 1188 105 141 0.21
10.5 67.00 20.07 1111 054 107 0.21 6750 1826 11.77 0.88 135 0.24
12 6849 1800 1163 078 087 0.23 68.53 17.18 12.08 072 126 0.22

444



Meas. Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
9 135 69.23 1781 1130 070 075 0.21 10 69.65 16.56 1141 078 137 0.23
15 7125 1413 1335 065 041 0.22 66.37 1130 2044 050 1.08 0.30
16.5 61.58  9.60 2801 015 024 042 6145 858 2817 056 080 0.44
18 66.39 1164 2100 039 026 031 7127 1287 1436 049 078 025
19.5 70.78 1748 1061 050 040 0.22 69.67 16.38 12.00 079 097 0.19
21 69.11 1829 1121 068 049 0.22 68.31 1824 11.01 097 127 0.20
225 6784 1838 1193 101 0.64 0.20 68.19 18.09 11.00 1.03 148 0.22
24 6640 1992 1145 096 104 0.23 66.24 19.18 1156 121 157 024
255 66.55 1940 1194 083 1.07 0.21 66.04 1861 1226 125 160 0.24
27 66.56 19.20 1224 084 096 0.20 66.13 1850 1185 121 209 0.22
28.5 65.52 19.77 1244 079 127 021 66.27 18.04 1231 137 178 0.23
30 65.37 19.74 1269 092 106 0.21 65.82 1852 13.01 078 163 024
11 0 6465 19.30 1348 119 116 0.22 12 65.11 1751 1471 107 133 0.26
15 66.39 17.14 1411 082 133 0.21 65.56 18.84 1330 088 122 0.19
3 66.83 16.82 1385 1.01 124 0.25 66.57 17.44 13.09 106 1.64 0.20
45 67.02 17.29 1343 084 118 0.23 65.85 18.96 12.76 096 125 0.22
6 6691 17.92 1284 096 115 0.21 65.70 1932 1234 109 134 021
75 66.64 18.12 1284 090 132 0.19 66.08 1846 1281 091 149 0.25
9 68.19 1665 1238 126 132 0.21 66.33 1853 1258 076 161 0.20
10.5 6743 1711 1279 114 131 0.22 6726 17.28 12.88 097 138 0.22
12 68.93 17.29 1139 096 118 0.25 68.90 16.42 1214 095 134 025
135 7121 1550 1094 103 110 0.22 69.27 1346 15.07 080 1.17 0.23
15 69.14 1331 1574 066 088 0.26 60.79 892 2811 078 102 0.38
16.5 61.60 9.04 2771 052 080 0.33 69.34 1189 1724 055 075 0.23
18 67.79 1139 1935 046 076 0.25 69.31 16.06 1230 098 1.11 0.25
19.5 69.72 1616 1185 1.01 105 0.21 69.14 1719 1146 078 120 0.23
21 67.15 1924 1137 091 111 0.21 6798 1824 1127 102 130 0.21
225 66.77 1935 1114 101 152 0.21 68.48 17.47 1144 074 163 0.24
24 66.04 1874 1227 111 163 0.20 66.97 1742 1288 108 142 0.23
255 6511 19.71 1205 110 180 0.23 6756 18.00 11.73 1.01 150 0.21
27 65.08 19.72 1150 148 200 0.23 68.30 17.37 1161 091 160 0.21
285 6486 19.32 1267 1.01 192 0.22 6758 17.41 1248 086 141 0.26
30 65.03 1920 1251 110 194 0.21 66.00 17.63 13.28 123 166 0.20

445



HiHf, 400C, 7 dpa, 2 MeV p+

Meas.  Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
1 0 66.08 1939 1180 118 137 0.18 2 65.03 1947 1277 102 151 021
15 66.07 1958 11.74 1.07 138 0.16 64.63 19.25 1323 1.13 156 0.20
3 66.26 19.49 1169 111 127 0.19 65.05 19.79 1224 113 156 0.22
4.5 66.65 19.87 10.89 118 121 0.20 65.52 20.93 1066 124 143 0.22
6 67.37 1951 1071 096 127 0.18 66.60 20.07 1062 1.07 146 0.17
7.5 67.76 19.08 1065 1.02 128 0.20 6720 19.92 1023 109 138 0.19
9 70.08 1803 970 073 125 0.21 68.12 1921 1001 112 134 0.19
10.5 69.79 1758 1037 097 105 0.23 68.79 19.12 971 093 125 0.19
12 66.96 12.87 18.18 0.73 0.88 0.38 68.58 1449 1523 058 086 0.25
135 64.11 11.08 2312 058 0.74 0.37 62.28 10.74 2514 0.62 080 042
15 67.19 1329 1780 0.70 0.71 0.31 61.33 10.59 2625 059 0.78 045
16.5 68.63 1899 10.10 1.01 1.07 0.20 62.70 1140 2414 066 072 0.38
18 68.02 19.41 1018 1.02 116 0.21 69.53 17.10 1147 0.62 1.00 0.26
19.5 65.51 2020 1165 120 124 0.20 68.37 19.04 1061 0.72 1.03 0.22
21 66.00 19.34 1197 119 129 0.21 68.24 1932 1025 097 1.03 0.19
225 65.33 1955 1238 122 131 0.20 66.89 19.09 11.70 0.87 126 0.20
24 65.41 1995 1193 121 131 0.19 6499 1941 1320 0.79 139 0.22
25.5 64.98 19.68 1291 096 127 0.20 65.87 19.82 1199 095 1.18 0.19
27 65.31 19.46 1260 096 146 0.20 64.39 20.62 1242 095 139 0.22
28.5 65.51 19.47 1206 141 135 0.19 65.77 2046 1120 1.12 125 0.20
30 65.27 20.06 1217 1.01 127 0.22 64.58 19.23 1346 098 149 0.26
3 0 65.35 20.07 1160 111 171 0.15 4 6498 19.68 1252 108 152 0.22
15 65.50 20.44 1131 114 142 0.8 65.71 19.31 11.88 1.28 158 0.24
3 65.84 20.28 1098 115 158 0.17 64.98 20.15 1186 1.19 159 0.24
45 65.31 21.00 11.09 091 149 0.21 65.30 19.85 11.82 124 155 0.25
6 66.37 19.88 10.71 148 137 0.19 64.84 18.82 1324 135 151 0.23
7.5 66.64 20.34 1068 1.00 1.16 0.18 6497 19.66 1266 0.96 150 0.25
9 67.62 1898 1095 099 128 0.18 6431 1957 1337 113 142 0.19
10.5 68.47 1893 1033 097 112 0.18 66.87 18.17 1216 126 129 0.25
12 7059 1781 954 079 1.08 0.19 6758 1930 1045 105 141 021
135 68.93 1422 1488 080 091 0.25 68.50 18.63 1035 0.92 143 0.18
15 65.14 1256 2045 0.71 0.82 0.33 68.53 18.64 1032 1.03 126 0.23
16.5 64.45 1130 2235 0.76 0.80 0.34 68.63 1522 1414 0.78 099 0.25
18 69.52 1522 1313 091 1.00 0.22 65.81 13.02 1954 044 081 0.38
19.5 68.89 18.10 1068 1.02 110 0.21 67.11 1752 1273 119 127 0.8
21 67.72 1892 1100 093 124 0.20 67.03 1874 1187 078 136 0.22
225 67.11 1910 1116 113 129 021 65.11 1826 1415 080 150 0.17
24 66.45 1959 1172 084 120 0.21 66.06 1825 1324 081 138 0.26
25.5 65.18 20.25 1199 114 125 0.19 65.26 1943 13.03 0.77 132 0.18
27 65.29 20.06 11.74 136 135 0.21 65.79 19.76 11.70 1.14 139 0.22
28.5 65.28 19.88 1213 118 135 0.18 66.64 18.80 12.08 0.99 131 0.17
30 66.97 18.49 1179 123 131 0.21 65.62 1941 1230 1.00 147 0.21
5 0 6344 2123 1247 107 156 0.22 6 66.07 20.26 1100 101 148 0.8
15 6422 2053 1211 127 163 0.24 65.11 2046 1158 1.17 150 0.19
3 6285 21.88 1246 1.00 159 0.21 65.85 20.00 1130 106 158 0.21
45 66.16 19.41 1176 112 136 0.19 64.75 2043 1183 120 158 0.21

446



Meas.  Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
5 6 64.93 21.04 1119 103 159 0.23 6 65.29 2033 1165 105 147 0.21
7.5 64.27 2118 11.77 106 147 0.26 66.31 19.86 11.13 1.07 146 0.18
9 65.22 20.81 1147 082 147 021 67.37 1943 1063 104 135 0.18
10.5 66.77 19.22 1158 0.87 133 0.24 68.35 18.35 1045 124 140 0.21
12 68.10 1989 9.64 112 103 0.21 69.13 1854 1017 0.79 119 0.18
135 68.22 1593 1384 084 089 0.28 69.93 1442 1356 080 105 0.24
15 65.72 1419 1806 0.79 086 0.38 65.84 1193 2048 062 080 0.33
16.5 64.14 1151 2221 077 095 042 67.95 1351 1658 0.83 083 031
18 69.59 17.04 1144 068 1.03 0.22 69.29 1744 1107 078 116 0.25
19.5 66.79 19.61 1147 085 111 0.17 67.96 1871 1085 101 126 0.21
21 66.26 20.02 11.02 129 122 0.19 66.32 19.84 1143 096 124 0.21
225 65.06 21.04 1101 121 141 0.27 66.43 1942 1174 106 116 0.19
24 65.66 1998 1196 095 122 0.23 66.34 1940 1164 105 133 0.24
255 65.25 19.86 1213 0.89 165 0.21 66.66 19.46 11.64 078 124 0.22
27 65.07 19.77 13.07 060 128 0.21 65.13 1893 1329 109 132 0.23
285 65.00 19.90 12.82 0.86 127 0.16 66.16 1849 1276 121 116 0.21
30 66.38 1855 1285 0.75 131 0.17 65.86 18.37 1320 0.89 146 0.21
7 0 65.74 1955 1188 128 137 0.17 8 64.61 1868 1423 0.80 149 0.19
15 65.50 19.86 12.03 1.08 1.34 0.20 65.69 19.05 1239 121 147 0.19
3 65.38 19.87 1208 115 131 0.20 66.25 19.22 1186 1.02 145 0.21
45 66.94 20.18 1042 088 136 0.21 65.86 19.04 1224 116 150 0.20
6 67.06 19.31 11.03 111 134 0.15 65.60 1952 1225 116 123 0.24
7.5 67.90 19.17 1029 117 128 0.19 65.02 20.03 1214 122 139 0.20
9 68.05 19.11 1051 1.06 110 0.17 65.83 19.97 1166 091 141 0.22
10.5 69.44 1823 994 096 123 0.21 66.07 20.07 11.27 100 136 0.23
12 70.22 1624 1148 089 096 0.21 66.33 19.55 1153 110 127 0.21
135 69.11 1338 1551 0.79 096 0.25 67.05 1960 10.88 091 138 0.20
15 6254 1091 2472 064 079 040 68.13 19.03 1045 091 127 0.20
16.5 65.73 1343 1885 0.79 090 0.29 68.94 1753 1123 089 121 0.19
18 68.89 1768 1114 097 111 0.21 69.20 1399 1481 067 106 0.26
19.5 6741 1891 1112 1.09 130 0.17 67.01 1262 1851 0.68 084 0.33
21 66.99 19.22 1152 0.73 135 0.19 6432 1171 2221 057 083 0.36
225 6551 2041 1166 098 125 0.19 64.25 1268 21.18 068 088 0.32
24 65.49 20.05 1156 134 136 0.20 69.41 1663 1220 0.63 093 0.20
255 65.71 1990 1195 093 127 0.22 65.96 1319 1882 081 0838 0.34
27 65.64 1995 1187 1.02 133 0.19 68.52 18.85 1042 094 113 0.15
285 64.86 19.89 1243 113 149 0.20 67.84 1899 1048 116 133 0.19
30 64.64 18.87 1364 110 153 0.22 66.61 20.10 1066 111 132 0.19

447



HiHf, 400C, 10 dpa

Meas. Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si

1 0 65.66 18.03 1340 1.19 150 0.21 2 65.41 19.29 1270 0.82 152 0.26
15 6570 1821 1339 097 149 023 65.37 1833 1373 093 144 0.20
3 64.33 19.17 1364 1.02 158 0.26 65.70 1755 13.98 0.99 150 0.27
45 65.17 18.06 1399 1.08 149 021 65.24 1826 1416 0.74 134 0.27
6 65.31 19.11 1297 0.98 140 0.23 66.83 17.62 13.07 0.92 135 0.22
7.5 65.69 19.73 1182 1.07 148 0.21 68.90 1553 1334 0.79 118 0.26
9 66.41 19.48 1162 0.79 148 0.22 66.62 1272 1878 058 0.96 0.34
10.5 68.05 18.16 1147 0.74 135 0.22 6438 1187 2191 053 093 0.38
12 68.58 14.82 1455 0.67 1.09 0.29 68.23 1393 1561 093 096 0.33
135 64.10 10.71 2347 051 084 0.37 69.06 17.14 11.69 0.80 1.05 0.26
15 64.55 1240 21.37 047 081 040 68.28 17.71 1142 114 121 0.25
16.5 69.52 1545 1326 0.60 0.89 0.28 67.32 19.21 11.28 0.86 111 0.22
18 69.47 1753 1086 0.89 099 0.25 66.82 1842 1227 098 127 0.24
195 67.55 1840 1136 1.23 119 0.26 66.48 1842 1245 1.16 125 024
21 66.11 1945 1213 093 111 025 65.96 18.05 1331 106 134 0.29
22.5 66.36 18.66 1234 1.12 129 0.23 65.00 18.72 13.66 0.98 139 0.25
24 65.66 19.05 1285 096 124 025 65.79 1783 1364 114 132 0.28
25.5 65.55 18.72 1295 1.29 125 024 65.20 18.85 13.27 1.00 140 0.28
27 65.88 18.86 12.82 0.91 124 0.29 66.32 1821 1287 1.04 127 0.29
28.5 65.96 1865 13.06 094 119 0.20 66.42 18.63 12.40 0.93 138 0.23
30 65.23 18.60 1351 1.09 132 024 65.46 18.31 1340 1.33 126 0.24
3 0 65.41 1843 1324 120 147 0.25 4 64.99 1779 1426 1.06 165 0.25
15 65.04 1849 13.76 1.03 144 0.24 64.17 18.46 1439 1.08 165 0.25
3 65.45 1856 1327 1.00 151 0.21 64.54 1853 14.05 1.08 156 0.23
4.5 65.79 18.78 1268 1.03 151 021 65.05 1895 13.15 1.15 147 0.22
6 65.02 1949 1253 120 153 0.23 65.36 19.05 12.66 1.12 157 0.25
75 66.51 1931 1162 093 139 024 65.76 1861 12.80 1.15 143 0.24
9 66.07 19.26 1188 1.15 140 0.24 65.95 18.67 1254 1.16 145 0.22
10.5 67.14 18.79 1140 1.17 128 0.23 66.57 18.88 11.76 1.20 141 0.19
12 67.11 1459 1621 0.60 1.20 0.29 67.12 18.26 12.17 0.89 131 0.26
135 64.58 1240 2108 063 094 0.37 6751 1492 1527 0.88 114 0.28
15 65.00 12.83 2057 046 078 0.36 63.17 11.78 2339 046 081 0.40
16.5 68.35 13.73 1597 0.73 091 0.30 66.10 12.23 20.07 042 084 0.34
18 68.56 1749 1165 094 115 0.21 69.92 1597 1223 071 0.92 0.25
195 67.62 17.89 1189 1.27 109 024 68.60 1757 11.60 0.90 1.07 0.25
21 66.91 19.04 1172 0.91 121 021 67.93 1825 1144 101 116 021
225 65.90 19.08 1264 0.91 121 025 66.95 1858 1189 1.11 124 0.22
24 65,51 1878 1292 117 132 0.30 6711 1794 1244 093 132 0.27
255 65.77 18.79 1269 1.08 142 025 66.50 18.36 12.33 1.33 122 0.26
27 65.62 1861 1312 116 123 0.26 65.44 1944 1252 097 137 0.26
28.5 65.22 18.88 1327 110 126 0.26 65.60 18.72 12.69 1.33 141 0.26
30 65.90 18.08 1343 093 139 027 65.66 18.88 1282 1.08 133 024
5 0 65.30 19.22 1274 0.88 162 0.23 6 65.63 17.86 1355 1.11 163 0.23
15 65.17 1891 1299 111 160 0.22 65.20 17.78 14.09 1.15 153 0.25
3 65.42 19.23 1265 104 141 0.25 65.37 1834 1338 1.12 154 0.25
4.5 65.36 19.25 1214 137 165 021 65.50 19.00 12.78 0.98 150 0.23
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Meas. Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
5 6 6547 1911 1241 132 148 021 6 66.25 1882 11.79 140 150 0.24
75 65.83 1962 1180 1.03 149 023 66.02 1885 1225 097 166 0.25
9 6752 19.11 1082 0.83 149 0.23 66.71 1858 1202 1.07 141 022
10.5 6759 1740 1251 0.88 136 0.26 67.07 1880 1136 1.06 147 0.24
12 65.78 1350 18.64 0.66 1.09 0.33 6765 17.65 1231 0.89 128 022
135 63.55 11.75 2326 027 080 0.38 66.87 1413 1693 0.66 1.08 0.33
15 67.13 1440 1675 053 090 0.28 6355 11.65 2322 043 071 043
16.5 69.10 1719 1141 090 117 023 6754 1307 1759 0.71 077 0.32
18 67.64 1842 1168 090 112 024 69.12 1690 11.79 0.85 1.06 0.28
195 67.09 1877 1176 081 130 027 68.27 17.08 1220 110 108 0.27
21 65.96 1869 1266 110 135 024 67.17 1853 1192 093 121 0.24
225 65.32 1883 13.05 110 139 0.26 66.69 1824 1234 121 123 0.29
24 66.52 18.08 12,67 112 134 028 66.49 1844 1236 114 133 0.24
255 65.78 18.90 1316 0.74 118 0.24 65.79 1891 1270 1.02 134 024
27 65.67 1861 1311 1.07 131 023 66.49 1823 1255 121 130 0.22
285 66.18 18.36 1289 112 121 024 6599 18.62 1264 116 133 027
30 6457 1860 1395 1.06 155 0.26 66.81 17.87 1239 126 138 0.28
7 0 6547 1861 1323 1.09 141 0.19 8 65.73 19.26 1230 117 133 0.22
15 65.75 1861 1295 112 137 0.20 65.71 19.18 1234 112 144 0.20
3 65.64 19.09 1256 117 135 0.20 65.52 19.30 1250 112 134 0.22
45 66.60 1826 1251 1.04 140 0.20 66.64 1893 1166 119 137 0.21
6 66.25 1882 1226 110 140 0.8 66.27 1864 1229 116 144 0.20
75 66.71 1852 1237 104 116 021 67.18 1867 11.77 0.88 131 0.20
9 6747 1800 1212 094 124 023 6742 1848 1168 097 121 0.23
10.5 68.02 1721 1269 0.68 116 0.23 68.04 16.70 13.09 0.78 114 0.25
12 67.62 1543 1487 0.77 104 0.27 66.64 1371 1781 0.68 0.86 0.30
135 6440 1299 2094 044 083 040 65.22 1295 1990 0.73 084 0.36
15 65.90 1375 1857 0.60 086 0.32 67.00 1573 1516 092 0.89 0.30
16.5 67.80 16.07 1382 101 106 0.25 67.63 17.02 1321 096 094 0.24
18 6787 17.34 1242 111 103 0.23 67.01 18.04 1239 123 110 023
19.5 66.43 1827 1281 110 115 024 66.48 1889 1195 119 125 0.24
21 66.10 18.61 1297 0.86 124 0.22 65.76 18.92 1285 1.04 120 0.23
225 65.75 1867 13.05 093 137 023 66.29 18.77 1248 089 134 0.23
24 65.63 1840 1333 124 120 0.20 65.36 18.82 1326 0.99 136 022
255 66.30 1868 1253 099 125 025 65.25 1829 1377 105 140 0.24
27 6587 1837 1328 1.04 121 0.23 65.78 18.04 1372 1.03 117 025
285 65.70 18.71 1296 110 131 0.23 6535 18.81 1338 1.03 120 0.23
30 6540 1880 1321 117 122 021 65.76 17.71 1393 1.08 130 0.22
9 0 66.11 1781 1346 112 129 022 10 65.63 1826 1333 121 137 0.21
15 6552 1854 1322 110 139 0.23 64.84 19.13 1314 127 141 021
3 65.46 1846 1345 1.02 138 021 65.74 1888 1263 114 142 0.19
45 6598 18.72 1292 0.81 136 0.21 65.86 18.81 1258 1.18 135 0.22
6 65.79 1882 1279 100 140 0.19 66.07 19.05 1210 119 138 0.21
75 66.32 18.69 1245 0.94 140 0.20 66.77 1848 1211 114 128 021
9 66.57 19.08 11.70 113 131 0.20 6732 1839 1185 105 118 0.22
10.5 67.18 1841 1177 115 129 0.21 68.08 17,59 1219 0.79 113 022
12 67.73 1747 1238 109 113 021 67.66 1518 1519 0.79 091 0.26
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Meas. Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
9 135 6758 1653 1380 0.77 106 027 10 64.72 1283 2058 0.62 083 0.37
15 65.22 1345 1958 048 091 035 66.36 1405 1774 0.64 090 0.32
16.5 64.98 13.14 2005 0.64 086 0.33 67.88 1647 1332 099 108 0.26
18 66.09 1407 1780 0.83 089 032 66.52 1825 1280 1.00 122 0.21
195 67.75 16,50 1343 095 112 0.25 66.97 18.67 1182 1.06 125 024
21 6736 1766 1252 111 111 025 66.28 1897 1217 110 126 0.22
225 66.48 18.77 1216 1.08 128 0.23 65.62 18.98 1275 114 126 024
24 66.57 1869 1227 105 120 022 65.84 1840 1313 117 123 0.23
255 65.90 19.03 1246 117 121 022 65.83 1864 1295 110 123 0.24
27 65.78 1874 1279 121 126 022 65.70 1833 1355 091 127 0.23
28.5 65.71 1915 1279 087 126 021 65.14 1944 13.04 090 123 0.23
30 65.68 18.18 1359 110 121 0.24
11 0 6590 18.92 1252 111 134 0.20 12 6592 1829 1321 102 135 021
15 65.70 18.79 13.02 1.06 123 0.19 65.80 1825 1333 099 143 021
3 65.84 19.07 1274 0.89 126 0.19 65.46 1815 1385 0.97 135 022
45 66.44 1866 1229 123 115 0.23 65.35 1831 1365 120 126 0.23
6 66.05 1845 1278 120 132 0.20 6591 1823 1331 101 131 024
75 66.80 1863 1226 0.87 124 021 65.96 18.02 1338 114 129 0.20
9 6733 18.04 1218 1.03 119 023 6713 1831 1219 099 116 0.22
10.5 68.14 1679 1276 098 108 024 6757 1741 1310 0.70 097 0.25
12 66.87 1472 1639 0.72 098 031 66.84 1568 1549 0.68 1.04 0.27
135 65.03 1363 1945 0.66 088 0.36 65.16 1369 1935 062 086 0.33
15 66.50 1557 1598 0.84 085 027 65.81 1450 1771 0.76 091 0.31
16.5 6753 18.08 1205 1.02 109 024 6754 17.02 1336 081 102 0.24
18 66.19 1890 1241 100 126 0.23 6747 1754 1275 087 110 0.27
19.5 65.81 19.29 1234 111 121 024 66.83 1851 1233 095 116 022
21 65.90 18.70 1267 125 123 025 66.34 1854 1273 102 117 021
225 66.13 18,57 1282 1.07 119 0.21 6581 1879 1289 1.03 121 0.26
24 66.39 1862 1228 122 127 022 66.02 1828 1315 114 119 0.22
255 66.13 1846 1284 111 124 0.21 6390 19.16 1424 109 136 025
27 65.78 1861 13.05 1.02 126 027 65.02 18.02 1439 106 127 0.24
285 66.35 18.29 1281 1.07 125 0.23 65.01 18.13 1411 1.08 142 025
30 65.31 1864 1348 103 130 024 65.56 1852 1315 118 136 0.23
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Ref-Zr, 500C, 1 dpa

Meas.  Pos. (nm) Fe Cr Ni Mn Si yds Meas. Fe Cr Ni Mn Si Zr
1 0 7320 1223 1278 0.88 0.91 0.00 2 73.88 11.39 1256 1.12 1.05 0.00
15 7427 11.06 1287 0.88 0.93 0.00 73.46 11.60 1271 123 1.00 0.00
3 7496 971 1355 091 0.87 0.00 73.36 1147 1350 0.63 1.05 0.00
4.5 7325 964 1564 0.74 0.72 0.00 7372 996 1453 0.88 090 0.00
6 7093 809 1963 0.60 0.75 0.00 7286 9.48 16.07 0.61 097 0.00
7.5 6768 731 2338 086 0.77 0.00 7227 895 1715 0.72 091 0.00
9 6415 744 2652 095 093 0.00 66.47 752 2428 069 105 0.00
10.5 6151 7.06 2972 0.77 094 0.00 6422 712 2649 086 131 0.00
12 62.79 6.70 2875 0.69 1.08 0.00 61.43 642 2926 0.66 223 0.00
135 63.82 724 2700 058 137 0.00 60.88 6.60 29.06 0.90 257 0.00
15 68.90 9.40 1848 0.87 235 0.00 65.25 729 2428 058 259 0.00
16.5 7191 1125 1438 0.72 175 0.00 69.14 848 2041 056 1.40 0.00
18 7219 1191 1389 1.13 0.89 0.00 73.86 10.66 1358 1.04 0.87 0.00
19.5 7231 1362 1239 099 0.68 0.00 73.01 1342 1197 0.88 0.73 0.00
21 7112 1460 1235 1.34 059 0.00 7232 1334 1270 0.88 0.76 0.00
225 7112 1486 1221 125 0.56 0.00 71.08 1476 1217 123 0.75 0.00
24 70.26 1559 1245 1.07 0.63 0.00 7137 1465 1220 1.16 0.63 0.00
25.5 69.99 15.68 1230 145 0.59 0.00 70.47 1496 1263 110 0.84 0.00
27 69.18 16.55 1229 133 0.66 0.00 70.34 1583 12.07 1.12 064 0.00
28.5 69.08 15.95 1311 125 0.61 0.00 69.47 16.09 1245 131 0.68 0.00
30 69.50 15.01 1327 1.62 059 0.00 68.69 16.04 1284 1.60 0.83 0.00
3 0 73.06 1256 1240 0.93 1.05 0.00 4 7151 1298 1383 0.72 0.97 0.00
15 7333 11.20 1359 0.82 1.06 0.00 7221 1244 1358 0.74 1.03 0.00
3 7448 10.10 1348 0.79 115 0.00 7446 1145 1232 081 095 0.00
45 7365 922 1501 096 115 0.00 7352 1044 1435 0.73 097 0.00
6 7143 930 1731 0.93 1.03 0.00 7227 10.03 1597 0.92 081 0.00
7.5 6861 766 2157 101 1.15 0.00 7255 934 1645 0.76 090 0.00
9 66.52 750 2401 089 1.07 0.00 7031 777 2018 071 1.03 0.00
10.5 6268 690 2824 093 124 0.00 66.03 795 2450 0.60 092 0.00
12 6158 6.63 2894 065 221 0.00 6363 716 2727 073 120 0.00
135 65.14 763 2489 0.79 154 0.00 60.09 6.68 3046 0.83 194 0.00
15 69.11 9.12 1854 0.62 261 0.00 61.36 6.77 2846 0.76 264 0.00
16.5 7260 10.80 1331 091 238 0.00 66.74 715 2380 057 175 0.00
18 7243 1274 1241 115 127 0.00 7279 943 1582 091 1.05 0.00
19.5 7091 1437 1256 123 092 0.00 7292 1110 1431 0.88 0.80 0.00
21 69.72 1585 1228 123 0.92 0.00 7260 1296 1261 101 0.82 0.00
225 70.32 1496 1245 129 098 0.00 7186 1377 1281 0.83 0.74 0.00
24 69.33 1481 1333 155 0.98 0.00 7161 1378 1266 1.12 0.83 0.00
25.5 70.03 15.01 1266 1.27 1.04 0.00 70.16 1461 1310 1.32 0.81 0.00
27 69.51 16.06 12.36 1.09 0.98 0.00 70.16 1520 1284 1.10 0.71 0.00
28.5 69.42 1584 1223 153 0.99 0.00 69.20 16.20 1263 1.28 0.69 0.00
30 68.21 16.37 1299 1.62 0.80 0.00 68.85 16.38 1281 1.28 0.68 0.00
5 0 7326 11.85 1299 0.84 1.05 0.00 6 73.87 1215 1208 095 096 0.00
15 73.77 1200 1250 0.74 0.99 0.00 73.65 12.04 1240 0.97 095 0.00
3 73.80 10.65 13.71 0.95 0.88 0.00 7460 10.88 13.14 058 0.80 0.00
45 7482 964 1378 0.82 0.94 0.00 7434 924 1457 096 090 0.00
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Meas.  Pos. (nm) Fe Cr Ni Mn Si Zr Meas. Fe Cr Ni Mn Si Zr
5 6 7289 9.00 1630 0.77 1.04 0.00 6 73.04 911 1614 089 082 0.00
7.5 7051 797 1951 0.87 114 0.00 7032 894 1917 0.68 090 0.00
9 66.58 7.69 2386 0.87 1.00 0.00 6744 757 2350 0.63 086 0.00
10.5 6231 7.06 2867 0.90 107 0.00 63.37 697 2801 080 085 0.00
12 61.05 6.38 3055 0.77 125 0.00 59.45 637 3248 072 098 0.00
135 63.87 752 2574 069 217 0.00 64.60 714 2583 088 155 0.00
15 68.00 9.06 19.72 0.63 259 0.00 6781 822 2082 073 242 0.00
16.5 7049 988 17.02 093 1.68 0.00 70.00 10.17 16.73 0.67 242 0.00
18 72.85 11.72 1346 0.89 1.07 0.00 7227 1234 1317 101 122 0.00
19.5 7232 1372 1221 0.87 0.88 0.00 7158 1484 12.07 065 087 0.00
21 7139 1494 1201 091 0.75 0.00 72.04 1399 1213 126 058 0.00
225 69.46 1570 1278 131 0.75 0.00 70.11 1556 1222 133 0.78 0.00
24 69.58 15.67 1265 1.22 0.88 0.00 69.61 16.10 1254 1.02 0.72 0.00
255 69.08 16.07 1290 123 0.72 0.00 69.24 1565 13.09 135 067 0.00
27 69.30 16.30 1217 147 0.76 0.00 69.01 16.62 1226 135 0.76 0.00
285 69.57 16.71 11.79 1.09 0.84 0.00 68.70 1652 1281 122 075 0.00
30 68.03 16.85 1291 130 091 0.00 68.90 1586 12.64 178 082 0.00
7 0 7239 1149 1363 0.69 1.80 0.00
15 7299 11.05 1334 1.09 154 0.00
3 7241 1071 1463 0.74 151 0.00
45 7175 965 1629 097 134 0.00
6 7119 874 1813 0.67 128 0.00
7.5 69.02 830 2062 0.89 118 0.00
9 65.61 716 2456 0.88 178 0.00
10.5 6339 692 2683 0.62 224 0.00
12 58.78 6.60 30.04 0.78 3.80 0.00
135 62.73 738 2691 066 232 0.00
15 66.56 7.88 2335 0.77 144 0.00
16.5 7056 9.18 1836 0.64 126 0.00
18 7287 1161 1317 113 122 0.00
19.5 7187 1378 1195 111 129 0.00
21 7212 1323 1221 109 134 0.00
225 70.69 1456 1204 123 148 0.00
24 7051 1429 1261 101 158 0.00
255 69.06 1512 1333 099 150 0.00
27 70.38 1498 1212 114 138 0.00
285 68.61 1564 13.02 117 156 0.00
30 69.85 1585 1290 133 0.06 0.00
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Ref-Zr, 500C, 3 dpa

Meas.  Pos. (nm) Fe Cr Ni Mn Si zr Meas. Fe Cr Ni Mn Si Zr
1 0 7116 1413 13.00 111 0.61 0.00 2 70.66 1524 1212 132 0.65 0.00
15 7160 1430 1253 0.99 0.59 0.00 7096 1545 1200 0.96 0.63 0.00
3 7230 1349 1247 117 057 0.00 7135 1426 1236 131 0.72 0.00
4.5 73.87 1240 1232 0.77 0.64 0.00 7132 1482 1212 1.07 067 0.00
6 7311 1252 1296 0.85 0.55 0.00 73.66 13.16 11.67 0.84 0.67 0.00
7.5 7189 1052 16.38 0.57 0.64 0.00 7376 1250 1236 0.65 0.73 0.00
9 68.89 9.05 2052 0.73 0.81 0.00 7186 926 1746 070 0.72 0.00
10.5 58.34 7.82 3174 082 127 0.00 69.71 895 1989 0.72 0.72 0.00
12 56.73 7.72 3370 050 1.35 0.00 58.44 823 3148 0.63 122 0.00
135 60.29 9.10 2790 0.82 190 0.00 59.32 743 3120 0.75 130 0.00
15 64.08 9.57 2390 0.89 155 0.00 5551 7.82 3389 055 222 0.00
16.5 72.02 1177 1429 095 097 0.00 66.21 980 2182 0.67 149 0.00
18 73.06 1255 1259 099 0.81 0.00 72.42 1242 1345 0.83 0.88 0.00
19.5 7118 1474 1259 0.75 0.75 0.00 7124 1343 1369 080 085 0.00
21 70.67 1479 1273 098 0.83 0.00 7115 1420 1277 099 089 0.00
225 70.32 1502 1280 1.10 0.76 0.00 7139 1456 1224 090 091 0.00
24 70.23 1426 1328 134 0.89 0.00 70.03 15.77 1245 094 081 0.00
25.5 70.56 1545 12.00 121 0.78 0.00 70.43 1534 1227 119 0.77 0.00
27 69.29 1554 1327 1.04 0.87 0.00 68.95 15.85 13.18 124 0.78 0.00
28.5 69.20 1536 13.60 1.10 0.73 0.00 69.09 1577 13.02 132 0.80 0.00
30 68.53 16.04 1338 131 0.74 0.00 68.71 1593 1330 1.32 0.74 0.00
3 0 70.65 1457 1323 094 061 0.00 4 70.35 1462 1320 123 0.61 0.00
15 7111 1422 1299 1.06 0.62 0.00 70.18 14.84 13.04 127 0.67 0.00
3 7239 1247 1368 0.80 0.66 0.00 7092 1471 1238 127 0.71 0.00
45 7313 1149 1374 094 0.70 0.00 7174 1455 1210 0.93 0.68 0.00
6 73.42 1151 1344 096 0.67 0.00 72.64 1356 1234 0.87 058 0.00
7.5 70.50 10.06 1822 0.47 0.74 0.00 7203 1378 1250 104 0.64 0.00
9 65.75 871 2412 056 0.85 0.00 7446 1176 1223 0.87 0.68 0.00
10.5 63.06 825 27.07 066 096 0.00 7451 11.03 13.04 066 0.77 0.00
12 5787 757 3268 0.72 116 0.00 7271 946 1635 058 090 0.00
135 56.14 749 3428 049 159 0.00 5850 758 31.73 0.70 149 0.00
15 56.41 8.05 3299 063 191 0.00 56.01 763 3370 0.61 205 0.00
16.5 68.51 12.03 1781 058 1.07 0.00 58.39 832 3062 074 192 0.00
18 7172 1354 1269 128 0.78 0.00 58.08 7.87 3121 0.62 221 0.00
19.5 7240 1351 1230 1.01 0.78 0.00 67.13 981 2088 0.70 148 0.00
21 7130 1505 1191 095 0.77 0.00 7234 1403 1185 094 083 0.00
225 70.78 1472 1252 117 081 0.00 7160 1458 1186 1.12 0.85 0.00
24 7026 1501 1279 1.06 0.89 0.00 7069 1518 1216 1.13 0.84 0.00
25.5 70.03 1538 1262 1.09 0.87 0.00 70.85 1546 1165 1.26 0.78 0.00
27 70.20 1500 1290 1.09 0.80 0.00 70.46 1524 1237 110 0.83 0.00
28.5 70.34 1539 12228 125 0.75 0.00 69.70 16.20 1235 0.89 0.86 0.00
30 69.55 15.02 13.00 155 0.88 0.00 69.46 15.83 1249 136 0.86 0.00
5 0 70.64 1426 1315 133 062 0.00 6 71.05 1482 1208 139 0.66 0.00
15 70.12 1519 1305 098 066 0.00 7087 1480 1222 146 0.66 0.00
3 7113 1506 1211 1.07 0.63 0.00 7184 1419 1217 116 0.65 0.00
45 70.84 1451 13.00 1.06 0.59 0.00 7243 1401 1174 113 0.69 0.00
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Meas.  Pos. (nm) Fe Cr Ni Mn Si Zr Meas. Fe Cr Ni Mn Si Zr
5 6 72.62 1372 1203 101 0.62 0.00 6 7371 1284 1188 094 063 0.00
7.5 7476 10.89 1293 072 0.70 0.00 7427 1269 1162 0.79 063 0.00

9 7188 10.08 16.49 080 0.75 0.00 73.83 1262 1186 095 0.73 0.00

10.5 6242 791 2813 060 094 0.00 7543 11.16 1204 0.71 066 0.00

12 60.88 7.82 2954 068 1.08 0.00 6722 829 2296 0.74 079 0.00

135 5539 7.04 3491 078 189 0.00 59.20 766 3114 071 129 0.00

15 7223 1282 13.02 095 0.98 0.00 56.81 695 3401 073 150 0.00

16.5 68.54 10.77 1880 057 132 0.00 59.93 845 2895 0.71 197 0.00

18 7151 12.08 1473 068 0.99 0.00 7225 13.09 13.04 0.74 088 0.00

19.5 69.30 1043 18.08 091 1.28 0.00 7230 1350 1260 0.86 0.75 0.00

21 70.68 1499 1248 098 0.88 0.00 7198 1380 1246 0.77 098 0.00

225 7049 1445 13.03 114 0.89 0.00 7241 1370 1194 106 089 0.00

24 7095 1480 1222 121 0.82 0.00 70.36 15.01 1246 1.27 090 0.00

255 69.95 1540 1273 116 0.75 0.00 7020 1507 1260 129 084 0.00

27 69.47 1531 13.09 127 0.87 0.00 69.65 1570 1257 124 085 0.00

285 7044 1484 1246 139 0.88 0.00 70.36 1583 1195 100 087 0.00

30 7056 1499 1225 133 0.87 0.00 69.00 1555 13.18 145 082 0.00

454



LoZr, 500C, 1 dpa

Meas.  Pos. (nm) Fe Cr Ni Mn Si Zr Meas. Fe Cr Ni Mn Si Zr
1 0 7125 1616 9.91 182 019 067 2 66.80 1893 10.88 230 0.27 0.82
15 70.96 16.36 9.93 195 015 0.66 68.95 1538 1251 2.05 0.32 0.80
3 69.85 16.06 1147 159 019 0.84 66.80 17.13 1273 220 0.29 0.86
4.5 69.50 1539 1233 187 0.16 0.76 68.16 1558 13.14 180 0.22 112
6 68.99 1360 14.85 148 0.17 091 68.32 1436 14.43 164 029 0.96
75 65.24 1413 1830 1.15 0.18 1.00 65.77 1402 1765 109 032 1.15
9 5783 1226 2696 130 020 145 60.85 1239 2426 112 020 1.17
10.5 5536 12.00 29.02 171 028 1.63 60.03 11.13 26.00 1.04 031 149
12 56.09 1253 28.05 148 030 155 58.48 1195 2625 155 0.28 1.50
135 56.27 12.42 2776 180 0.28 148 56.47 10.11 29.81 157 030 1.73
15 58.22 1252 2615 157 029 125 60.11 11.09 2527 197 021 134
16.5 59.92 1336 2372 166 020 115 59.50 1266 2491 140 023 129
18 62.03 1452 2086 140 0.16 1.02 63.14 1294 21.07 160 022 1.04
19.5 65.27 1463 1762 134 0.18 0.97 63.32 1206 2171 145 0.18 1.28
21 68.00 1498 1477 122 020 0.82 63.48 1352 20.04 180 0.20 0.96
225 68.31 15.63 1327 1.74 0.18 0.87 65.09 1232 1953 188 0.19 0.98
24 69.60 16.43 1159 141 0.18 0.78 66.03 13.79 1791 126 0.21 0.80
255 69.63 16.92 1091 160 0.16 0.77 67.83 13.04 1577 249 0.26 0.60
27 68.43 18.94 9.99 180 016 0.67 68.03 14.38 1500 180 0.17 0.62
28.5 68.02 19.12 1035 174 0.17 0.60 69.00 14.45 1446 112 018 0.79
30 68.45 1513 1419 140 0.22 061
3 0 65.94 1853 1167 272 031 0.83 4 68.17 1750 1143 2.01 0.20 0.69
15 67.00 17.62 1166 259 031 0.82 70.16 16.00 1160 121 025 0.78
3 66.79 19.12 1111 164 042 0.92 70.04 1511 12.00 176 0.28 081
45 68.43 1723 1110 2.04 027 0.93 68.25 1345 1562 153 024 091
6 69.13 1635 1190 127 032 1.03 64.48 1297 19.89 140 021 1.05
75 69.21 1489 1298 161 031 1.00 6191 1187 2311 159 0.29 1.23
9 6793 1485 1435 150 034 1.02 60.35 1140 2513 152 0.23 1.37
10.5 66.70 1462 1600 1.03 034 131 5890 10.76 2656 2.04 0.27 1.48
12 6352 1189 2170 120 030 140 6054 1084 2572 154 020 1.17
135 63.01 1112 2291 128 034 134 60.06 11.43 2622 092 021 115
15 60.44 10.34 2554 174 037 158 60.44 1117 25.02 214 016 1.06
16.5 56.43 10.41 2934 183 040 158 6158 1255 2333 135 018 1.01
18 5555 1129 2922 186 037 171 63.11 12.78 2155 142 019 0.95
19.5 68.35 14.13 14.03 214 030 1.06 63.39 13.15 2107 140 0.17 0.82
21 68.86 1454 1299 2.00 037 1.23 63.82 1295 2065 154 0.17 0.86
225 6739 1449 1513 143 026 1.30 65.27 13.13 1873 182 0.18 0.87
24 66.02 1319 1799 139 027 114 6425 1336 19.73 156 0.22 0.88
255 65.39 12.00 1934 185 0.36 1..06 65.43 1415 1780 171 020 0.72
27 62.69 1166 2212 195 026 132 66.37 12,72 1819 175 0.18 0.80
28.5 64.85 1135 2037 181 031 131 66.06 15.12 16.48 137 019 0.77
30 64.44 1229 2042 124 031 130 67.00 1513 1544 159 0.18 0.67
5 0 69.53 16.02 1175 122 025 1.23 6 69.11 1764 1058 181 0.5 0.71
15 69.53 1513 1348 0.66 0.27 0.93 69.52 1680 11.18 159 0.18 0.74
3 67.79 1438 1511 148 024 1.00 69.47 1595 1205 166 0.13 0.74
45 65.17 1241 1891 231 029 0.90 69.90 16,57 1121 140 0.20 0.72

455



Meas.  Pos. (nm) Fe Cr Ni Mn Si Zr Fe Cr Ni Mn Si Zr
5 6 60.97 1217 2233 332 032 0.88 69.25 1559 1267 154 0.15 0.80
75 57.17 11.06 2622 431 036 0.88 68.65 14.76 1416 153 018 0.71
9 56.19 10.94 2766 4.03 030 0.88 6529 1239 1943 150 018 121
10.5 5758 1122 26.62 355 022 081 6291 1180 2277 123 018 112
12 58.79 12.00 2535 280 027 0.79 6158 10.23 2562 117 020 1.20
135 58,57 11.08 26.30 297 022 0.86 59.94 1111 26.03 121 022 149
15 60.81 1258 2352 2,06 027 0.77 60.73 11.07 2546 134 021 118
16.5 6231 1160 2219 275 023 0.92 62.63 1143 2326 144 017 107
18 62.61 1361 2099 167 019 093 66.18 1219 1947 1.01 019 0.96
19.5 63.35 13.06 20.84 159 0.23 0.93 67.92 1346 1624 140 015 0.83
21 64.14 1361 1971 133 019 1.02 71.07 1244 1403 151 017 0.77
225 6529 1325 1939 098 023 0.86 7166 13.03 1273 172 017 0.70
24 6597 1383 1775 126 022 097 7167 1428 1193 137 017 0.59
255 65.99 1381 1819 095 020 0.86 7180 15.04 1096 139 0.16 0.66
27 65.09 1481 18.02 091 022 0.96 70.73 1629 1060 159 0.14 064
28.5 66.72 1459 1625 125 018 1.02 7115 16.02 1053 1.60 0.13 058
30 66.04 1542 1692 038 020 1.04 70.96 1645 10.09 184 014 053
7 0 7153 1552 1043 159 016 0.77
15 71.00 1522 1096 193 0.17 0.73
3 70.40 1512 1194 159 019 0.76
45 70.13 1525 1213 152 018 0.78
6 69.94 1380 1369 150 019 0.7
75 68.16 12.76 16.09 178 020 1.01
9 66.63 1185 1851 174 023 1.03
10.5 63.68 1189 2178 130 021 112
12 6187 1136 2378 146 020 134
135 5850 1094 2726 156 023 151
15 59.47 10.05 2749 116 024 159
16.5 61.07 1133 2501 085 023 151
18 62.95 1173 2231 159 022 120
19.5 66.11 1174 1924 159 020 1.12
21 68.20 1323 16.33 112 017 0.96
225 69.61 1274 1516 136 016 0.97
24 71.04 1349 1290 145 018 0.9
255 7144 1424 1164 174 018 0.77
27 7174 1580 1033 120 0.17 0.76
285 7145 1614 1010 142 017 0.72
30 7021 1659 1065 160 0.18 0.78

456



LoZr, 500C, 3 dpa

Meas.  Pos. (nm) Fe Cr Ni Mn Si Zr Meas. Fe Cr Ni Mn Si Zr
1 0 69.55 16.77 1142 150 0.16 0.59 2 7253 1688 871 093 017 0.78
15 69.69 16.60 11.03 175 0.19 0.73 7312 1564 9.17 123 020 0.63
3 70.24 1771  9.82 138 011 0.75 7395 1521 893 104 0.17 0.70
45 7271 1678 851 126 017 057 7555 1278 980 081 0.17 0.90
6 72.88 1588 8.76 173 016 058 69.78 858 19.25 0.64 025 1.49
75 7434 1480 883 126 018 0.59 5433 561 36.02 071 037 296
9 7452 1479 9.11 0.75 020 0.63 69.64 7.92 1955 0.70 0.26 1.92
10.5 76.56 1358 8.39 079 0.15 0.3 76.60 11.08 10.36 0.72 0.22 1.02
12 72.04 935 1654 055 015 137 7651 1230 937 088 0.17 0.78
135 56.99 565 3376 0.62 0.33 265 73.82 1503 926 095 0.22 0.72
15 52.03 593 378 051 041 327 7357 1572 879 111 020 0.62
16.5 7205 802 1753 072 021 146
18 7635 1119 1080 072 0.20 0.74
19.5 7519 1459 877 054 022 0.68
21 7344 1508 9.46 113 020 0.69
225 73.45 1652 815 097 0.18 0.72
24 7330 16.26 845 1.09 014 077
255 7210 16.41 9.32 117 021 0.80
27 70.23 17.63 9.93 133 021 0.67
28.5 70.85 16.08 10.75 155 0.21 057
30 7045 16.79 1027 167 019 0.64
3 0 7326 1551 9.33 1.00 017 0.72 4 7273 1572 965 110 0.19 0.61
15 7459 1493 877 0.88 0.19 0.65 7354 1504 957 099 0.16 0.69
3 74.66 1457  9.06 092 0.17 0.62 7501 1421 9.06 082 021 0.68
45 7535 1219 1064 0.74 024 0.85 7453 10.06 13.71 050 019 1.02
6 7334 1015 1441 065 017 127 68.02 817 21.39 0.67 021 154
7.5 6939 849 1960 0.74 020 158 5756 6.16 3281 059 028 260
9 59.16 6.34 3117 059 033 242 5142 521 39.06 065 044 321
10.5 70.33 845 1893 058 022 149 63.15 655 27.09 062 030 2.28
12 7414 1056 1329 0.65 022 114 7333 878 1573 0.69 0.20 1.27
135 7391 1454 968 096 0.18 0.73 7471 1403 947 087 020 0.73
15 7435 1395 9.73 1.06 019 0.72 7342 1519 958 082 018 081

457



HiZr, 500C, 1 dpa

Meas.  Pos. (nm) Fe Cr Ni Mn Si Zr Meas. Fe Cr Ni Mn Si zr
1 0 70.08 1512 1136 1.08 156 0.80 2 69.94 1453 1199 115 161 0.77
15 69.66 14.50 1250 1.09 155 0.70 69.34 1480 1191 146 169 0.80
3 70.32 1500 11.70 091 137 0.70 69.46 15.00 1196 119 172 0.68
4.5 70.44 1412 1220 098 142 0.85 68.76 1547 1190 139 172 0.75
6 69.76 14.46 12.62 0.93 148 0.76 69.63 1473 1180 145 167 0.71
75 7057 1354 1221 130 153 0.85 68.85 15.02 12.08 142 180 0.83
9 70.33 1346 1284 130 139 0.68 70.12 1447 1177 121 166 0.77
10.5 69.86 13.39 13.63 0.85 1.60 0.67 69.84 1460 1218 1.24 154 059
12 69.16 12.88 14.60 1.07 149 0.80 69.84 1456 1191 1.18 164 0.87
135 67.49 1252 1613 132 173 0.79 69.36 14.14 1269 129 179 0.74
15 66.90 1182 1768 111 174 0.75 68.86 13.47 14.08 1.09 165 0.85
16.5 65.79 1159 19.06 0.99 181 0.76 68.21 13.05 1517 0.99 188 0.71
18 63.35 11.84 20.67 122 209 0.83 67.15 1230 1651 112 203 0.89
19.5 62.14 1122 2232 121 204 1.07 66.46 1199 1754 125 198 0.78
21 60.75 1071 2277 105 296 1.75 66.96 1270 1662 116 185 0.72
225 63.10 11.73 2040 1.07 220 150 67.49 1233 1635 116 190 0.77
24 65.18 11.84 1879 112 184 1.23 67.75 1329 1559 1.06 1.62 0.69
255 66.15 12.06 1753 110 206 1.10 68.40 13.40 1459 1.08 1.71 0.81
27 67.41 1190 16.44 115 193 117 69.43 14.15 1310 111 146 0.75
28.5 68.18 12,51 1516 1.17 172 127 70.89 1417 1171 112 142 0.69
30 67.60 12.82 1544 123 191 101 70.13 1496 1184 1.09 132 0.67
3 0 7045 1426 1175 116 153 0.85 4 68.15 1513 1259 153 167 0.93
15 70.15 1467 1191 117 141 0.69 66.90 1698 12.07 112 1.83 1.09
3 70.74 1421 1147 142 142 074 68.09 1574 1220 132 196 0.70
45 70.57 1355 1240 145 128 0.75 68.82 1513 1243 111 175 0.77
6 69.72 13.79 1318 1.00 154 0.77 68.92 1551 1222 0.83 166 0.85
75 69.53 13.70 1337 117 145 0.77 69.53 1398 1252 140 196 061
9 70.30 13.18 1341 098 152 0.61 70.24 1374 1202 113 202 085
10.5 69.63 13.10 1392 114 153 0.69 70.73 1311 1217 127 193 0.79
12 69.17 1243 1482 112 169 0.77 69.06 1293 1429 1.04 194 0.74
135 66.67 1257 1715 0.99 182 081 67.01 1083 17.84 0.89 243 1.02
15 66.22 1187 1838 0.93 185 0.73 65.84 10.27 19.18 1.01 255 1.15
16.5 64.18 12.60 1955 0.76 192 0.99 65.03 1054 19.87 1.06 241 1.09
18 61.30 11.03 23.01 1.06 266 0.95 66.06 10.45 19.49 0.88 216 0.96
19.5 59.96 1098 2374 110 281 142 68.45 1064 1711 0.88 197 0.96
21 6221 1133 2186 091 239 1.29 67.70 1123 1744 072 200 091
225 65.66 11.86 1851 0.87 2.05 1.05 69.47 1158 1532 1.07 185 0.71
24 66.53 11.77 1761 093 186 131 68.60 1233 1552 0.92 184 0.79
255 66.94 1293 16.09 1.04 192 1.07 68.83 1298 1488 0.91 157 084
27 68.38 1290 1438 1.19 190 124 69.02 13.60 14.00 0.84 176 0.79
28.5 67.78 13.80 1421 091 204 125 69.21 1268 14.03 126 1.80 1.01
30 69.41 1331 1344 1.03 191 0.90 69.26 13.60 1391 091 156 0.75
5 0 69.98 1471 1157 130 152 092 6 69.25 1409 1286 1.06 166 1.07
15 70.34 1488 1167 0.99 148 0.65 69.44 1395 1285 114 154 1.08
3 69.45 1499 1236 1.07 134 0.79 69.14 1355 1350 127 163 091
45 70.40 1462 1185 1.18 131 0.63 68.74 13.03 1417 113 186 1.07

458



Meas.  Pos. (nm) Fe Cr Ni Mn Si Zr Meas. Fe Cr Ni Mn Si Zr
5 6 69.80 1419 1245 131 153 0.73 6 68.17 1248 1555 127 140 113
75 69.72 13.83 1284 120 153 0.88 6729 1259 16.04 130 175 1.04
9 70.38 1352 1282 097 153 0.79 67.14 1166 1716 121 182 101
10.5 69.83 12.62 14.02 119 158 0.76 66.49 1224 1758 091 184 095
12 69.57 12.81 14.09 107 163 0.82 64.67 1199 1896 1.02 225 111
135 68.27 1279 1526 113 162 094 61.97 10.71 2257 118 239 118
15 66.46 1280 1720 0.98 166 0.9 60.58 11.09 2273 119 297 144
16.5 6731 1292 16.68 0.69 167 0.73 6347 1132 2032 121 220 148
18 65.69 1173 1933 0.72 175 0.78 66.35 1211 16.77 112 214 151
19.5 62.66 1174 21.02 124 225 1.09 67.61 1276 15.04 107 219 133
21 60.81 1151 2250 119 269 1.30 68.29 1325 1424 099 190 133
225 60.86 1154 2278 1.07 259 117 70.00 1284 1276 112 1.88 1.40
24 6531 1188 1887 0.71 208 1.15 69.14 1376 1277 129 169 135
255 65.60 1227 1815 0.85 192 121 68.70 14.08 1313 119 158 131
27 66.28 1220 1735 091 203 122 69.27 1394 1240 123 164 152
28.5 68.23 1281 1520 0.76 192 1.08 69.06 14.27 1200 151 1.76 140
30 69.17 1299 1422 0.88 182 0.93 69.92 14.05 12.08 1.02 164 129
7 0 66.97 15.03 1442 114 177 0.67 8 66.88 1573 1342 130 182 0.85
15 66.81 1486 1430 154 164 0.86 6598 16.12 1430 1.02 1.79 0.80
3 66.47 1380 1596 1.63 148 0.66 66.54 1505 1486 111 165 0.79
45 65.84 1395 1643 1.00 179 0.98 57.62 1343 2532 143 157 0.3
6 65.65 14.01 1629 129 190 0.86 4832 1217 3551 112 176 111
75 66.07 12.82 1732 132 164 084 4597 1091 3836 142 235 0.99
9 62.63 1294 2087 129 152 0.75 59.83 1413 2207 129 188 081
10.5 58.74 1237 2513 120 169 0.87 63.62 1424 1870 091 173 0.80
12 60.32 1248 2322 124 175 098 66.70 13.88 1598 131 148 0.65
135 66.59 1357 16.26 1.18 164 0.75 66.84 1486 1502 116 1.33 0.79
15 69.86 13.74 1322 1.05 146 0.67 66.98 1498 1449 122 162 0.71
16.5 69.65 1437 1269 1.00 153 0.76 68.12 1459 1377 119 145 0.88
18 69.41 1457 1255 1.02 163 0.82 68.39 1451 1413 098 136 0.63
19.5 69.73 1453 12.04 149 140 081 67.02 16.70 13.05 124 147 051
21 68.70 1567 1164 139 170 0.89 68.46 1495 1295 114 168 0.82
225 68.99 1511 1219 148 159 0.64 68.23 1525 1332 1.05 150 0.64
24 68.90 15.09 1235 152 141 0.72 67.63 1561 1322 134 144 0.76
255 68.83 1549 12.04 157 149 0.59 68.37 1557 1292 121 127 0.66
27 68.51 1592 12.07 138 144 0.69 66.78 1585 1353 144 178 0.62
285 68.52 1515 1264 150 132 0.86 6750 1530 1326 151 160 0.84
30 68.64 1531 1240 154 141 0.70 6750 1520 1385 101 168 0.77
9 0 67.56 16.06 12.78 113 152 0.94 10 65.67 1476 1534 129 192 1.02
15 68.05 1546 1310 1.17 139 0.83 52.05 1198 3155 149 190 1.03
3 6591 1535 1468 151 155 1.01 51.50 12.03 3287 0.82 193 0.85
45 64.88 16.48 1480 1.01 168 1.16 5483 1152 30.08 091 192 0.75
6 64.47 1569 1561 1.20 194 1.09 63.37 1429 1842 140 167 084
75 63.64 1494 1755 0.83 199 1.04 64.82 1581 1571 121 164 0.82
9 6542 1453 16.00 120 166 119 65.76 16.15 1479 121 141 0.69
10.5 63.97 1400 1822 120 164 0.96 66.83 1533 1455 1.00 1.63 0.65
12 61.27 1360 2148 0.88 198 0.79 66.83 1566 13.28 173 164 0.87

459



Meas.  Pos. (nm) Fe Cr Ni Mn Si Zr Meas. Fe Cr Ni Mn Si Zr
9 135 57.64 1240 2587 110 182 116 10 68.39 1530 1287 116 156 0.73
15 63.03 1386 19.70 0.84 183 0.74 68.20 1545 1271 147 141 0.76
16.5 67.01 1343 1562 0.89 220 0.85 68.10 1558 1291 123 160 0.59
18 67.19 1348 1510 158 177 0.88 6759 16.83 1189 136 162 0.71
19.5 68.49 1332 1377 148 221 0.73 66.86 16.20 1365 111 150 0.68
21 6846 1268 1463 151 181 0.92 66.81 16.31 1361 1.03 139 0.85
225 68.90 1437 1260 149 192 0.72 67.83 1552 1285 153 146 0.80
24 69.24 1373 1358 131 147 0.67 66.69 16.85 13.16 1.00 1.67 0.64
255 68.51 1425 1372 131 142 0.79 67.37 1544 1371 106 158 0.84
27 68.18 1457 1314 144 183 0.85 66.88 1498 1466 137 154 0.8
28.5 68.65 15.01 1277 137 128 0.92 66.90 14.85 1478 122 141 084
30 68.05 1513 1297 0.95 206 0.85 66.61 1519 1438 153 162 0.67
11 0 68.84 1578 1191 1.08 152 0.86 12 70.05 1446 1225 099 149 0.76
15 69.50 14.94 1215 127 134 0.79 70.04 1482 1181 118 138 0.77
3 7023 1423 1213 117 153 0.71 69.46 1489 1230 121 132 0.82
45 70.05 1450 1211 113 152 0.71 7051 1317 1294 106 155 0.78
6 70.12 13.88 12.84 1.07 132 0.77 69.79 1319 1378 1.06 156 0.62
75 69.47 1354 1371 097 166 0.65 69.02 13.01 1423 118 190 0.67
9 69.10 13.65 14.00 1.05 159 0.1 68.55 1290 1482 123 180 0.70
10.5 68.21 1279 1545 122 159 0.75 67.17 12.08 1715 119 169 0.73
12 67.89 1227 1617 110 184 0.75 67.16 1173 1791 101 150 0.69
135 66.90 1228 1699 126 188 0.69 64.63 11.01 2020 121 220 0.75
15 66.05 1147 1854 113 192 0.89 6130 1130 2263 116 248 114
16.5 64.15 1169 1986 0.94 230 1.06 59.83 1122 2422 073 284 115
18 60.06 1091 2296 1.04 255 248 62.00 10.77 2254 104 245 121
19.5 57.88 10.69 2336 0.97 311 3.99 63.76 1137 2028 1.08 227 125
21 59.83 1148 2166 0.87 282 334 65.40 1165 1896 0.95 191 1.14
225 63.70 1140 2035 0.90 221 145 66.61 1251 16.71 120 190 1.07
24 64.97 1221 1846 1.08 230 0.9 67.37 1293 1584 0.89 197 1.00
255 65.03 1195 1884 105 203 110 69.17 1280 1395 122 175 110
27 65.89 1291 1722 091 196 111 68.08 13.84 1411 115 174 1.09
285 67.88 1233 1571 0.99 202 1.07 69.34 1365 1297 118 1.89 0.97
30 66.96 12.78 16.01 1.08 181 135 69.82 1362 1259 1.06 1.81 1.09
13 0 69.85 14.63 1198 130 153 0.70
15 70.27 1426 1198 118 149 0.83
3 7046 1430 12.04 113 146 0.62
45 70.75 1395 12.01 1.08 154 0.67
6 69.38 1442 1286 094 155 0.85
75 70.00 1357 1269 130 167 0.78
9 69.47 1322 1411 096 157 0.66
10.5 68.62 13.02 1436 130 185 0.86
12 68.01 1281 1537 132 159 0.90
135 67.79 1256 16.27 0.95 159 0.84
15 66.85 1229 1757 090 161 0.78
16.5 65.35 12.01 1898 0.94 183 0.90
18 6256 1151 2089 115 249 139
19.5 60.96 11.06 2248 0.98 250 2.02

460



Meas.  Pos. (nm) Fe Cr Ni Mn Si Zr
13 21 61.07 1092 2245 102 281 173
225 6441 1211 1896 128 209 115

24 66.11 1220 1737 086 221 124

255 66.44 1310 1631 115 187 113

27 68.76 13.07 14.18 0.98 176 124

285 69.18 1318 13.76 0.98 184 1.06

30 69.43 1325 1322 119 179 111
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HiZr, 500C, 3 dpa

Meas. Pos. (nm) Fe Cr Ni Mn Si Zr Fe Cr Ni Mn Si Zr
1 0 71.15 1529 1138 125 0.28 0.65 70.74 1462 1244 114 026 081
15 7162 1488 1135 126 0.28 0.63 71.80 1440 1201 102 021 0.56
3 7190 1486 11.01 136 026 0.60 71.20 1487 1187 118 024 0.64
4.5 7252 1405 1147 1.00 029 0.67 71.07 1481 1194 123 027 0.68
6 73.33 1297 1163 1.02 031 0.74 7151 1454 1213 098 024 061
75 7281 1133 13.67 0.72 0.27 1.20 71.06 1446 1245 1.03 028 0.72
9 7287 1390 11.34 101 021 0.66 72.18 1398 11.87 1.07 022 0.68
10.5 7345 1293 1164 0.78 024 0.95 7214 1419 1169 0.87 023 0.87
12 69.82 1041 17.14 0.79 029 155 7287 1274 1242 087 026 0.83
135 63.40 9.14 2417 066 041 2.22 69.99 1094 16.65 0.67 0.29 147
15 64.77 997 2219 054 038 215 64.65 932 2282 0.70 036 214
16.5 71.34 1219 1437 066 030 1.14 65.29 9.76 2194 070 030 201
18 7220 1365 1239 073 025 0.79 7227 1178 1402 070 029 0.94
195 7147 14.08 1243 098 027 0.76 7295 1283 1236 082 029 0.74
21 7071 1463 1274 102 020 0.70 7199 1379 1211 1.04 029 0.78
22.5 7165 1440 1198 1.04 024 0.69 7188 1429 1195 098 0.23 0.67
24 7158 14.82 1155 106 024 0.75 7132 1463 1209 097 030 0.70
25.5 71.07 1495 1202 099 025 0.72 7140 1451 1213 112 022 0.64
27 70.97 1475 1231 099 023 0.75 70.27 1503 1246 138 029 0.56
28.5 7141 1467 1161 132 032 0.68 7099 1489 1196 129 024 0.62
30 70.60 14.69 1253 107 026 0.85 70.56 1538 11.92 125 0.23 0.66
3 0 70.20 1482 1280 1.14 0.38 0.66 70.91 1510 12.07 1.08 022 0.62
15 70.94 1478 1227 103 034 0.65 70.93 1500 1194 119 0.26 0.68
3 70.92 1521 1180 098 032 0.77 70.86 15.02 12.03 1.18 0.24 0.66
4.5 70.94 1508 1194 101 031 0.72 70.86 1491 1228 1.05 0.23 0.67
6 71.37 1470 1183 1.09 032 0.70 71.60 1461 1183 1.08 026 0.62
7.5 7138 1491 1143 111 035 0.82 71.83 1475 1139 101 025 0.77
9 7194 1444 1154 093 036 0.78 71.96 1423 1183 095 027 0.75
10.5 7205 1441 1171 082 033 0.69 73.19 1295 1187 096 025 0.78
12 7294 1394 1116 095 037 0.63 7258 1185 1352 082 025 0.98
135 69.76 9.96 1794 0.72 090 0.72 64.73 9.69 2247 0.63 040 2.08
15 62.69 9.04 2550 0.60 133 084 65.94 10.14 21.03 0.73 0.33 1.83
16.5 65.90 9.62 2198 0.61 1.03 0.86 7047 1110 16.11 0.71 0.28 1.33
18 7245 1325 1218 095 044 0.73 7235 1355 1219 089 027 0.75
19.5 7190 1416 1188 095 039 0.72 7194 1424 1186 093 027 0.76
21 7163 14.64 1163 098 037 0.75 7232 1424 1145 109 025 0.65
225 7153 1468 1180 0.84 038 0.77 7154 1477 1177 1.01 029 0.63
24 70.76 1476 1218 116 037 0.77 7122 1499 1190 093 031 0.65
255 7045 1506 1224 1.02 036 0.88 7154 1476 1179 1.04 025 0.61
27 70.63 1568 1149 113 031 0.76 7150 1443 1199 116 0.26 0.66
28.5 70.85 1532 11.71 1.07 028 0.77 71.00 1523 1149 131 0.28 0.69
30 70.84 1521 1170 112 035 0.78 70.88 1492 1217 117 026 0.61
5 0 70.83 1491 1219 113 025 0.68 7159 1495 1151 110 025 0.59
15 70.61 1511 1222 116 024 0.67 7092 1535 1158 121 023 0.71
3 7047 1495 1249 119 023 0.67 70.76 1542 1186 1.02 027 0.67
4.5 71.13 1440 1227 126 024 0.70 71.10 15.09 11.73 1.17 026 0.66
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Meas. Pos. (nm) Fe Cr Ni Mn Si Zr Meas. Fe Cr Ni Mn Si Zr
5 6 71.06 1513 1181 110 029 0.61 6 71.04 1481 1219 108 024 0.65
75 7191 1515 1101 089 025 0.79 71.05 1461 1244 100 0.26 0.65
9 7261 1395 11.60 0.82 0.26 0.75 7196 1426 11.79 116 023 061
105 7290 12,62 1250 0.78 0.28 0.92 70.95 1477 1229 112 021 0.67
12 70.16 10.67 16.73 0.69 030 1.44 7118 15.05 11.73 1.03 025 0.76
135 6255 9.08 25.05 046 046 239 7201 1420 1192 099 025 0.64
15 67.13 10.18 19.86 0.73 035 1.76 72.62 13.96 11.74 0.83 0.18 0.67
16.5 7164 1212 1421 070 032 1.01 7348 1279 1172 097 023 0.82
18 73.08 1324 1178 089 025 0.75 6749 972 1999 072 030 178
19.5 7231 1433 1150 087 024 0.75 6354 893 2414 066 039 235
21 7159 1449 1182 115 030 0.65 67.02 10.00 2020 0.74 031 173
225 70.75 1487 1251 089 028 0.71 72.08 1247 1366 067 026 0.86
24 7046 14.66 1273 118 027 0.69 7242 1346 1203 094 026 0.90
25.5 7095 14.07 1288 119 0.24 067 7249 1374 1185 0.89 027 0.76
27 70.89 1528 1186 099 027 0.70 7148 1464 1191 108 025 0.64
28.5 70.23 15.64 1217 1.05 0.22 0.69 71.08 14.68 1205 120 0.32 0.68
30 69.43 1568 1255 136 026 0.72 70.70 14.68 12,68 1.05 0.29 0.60
7 0 70.12 1540 1211 124 026 0.87 8 69.30 1450 14.02 078 029 110
15 69.85 1553 12,06 136 030 0.89 69.81 1433 1351 1.01 033 1.01
3 7031 1544 1184 115 028 0.98 7057 1490 1214 114 033 091
45 71.07 1519 1138 114 031 091 7022 1482 1235 133 030 0.97
6 71.02 1467 1173 121 034 1.03 70.90 15.06 11.67 1.05 0.33 0.99
75 7043 1437 1272 100 033 115 7024 1573 1162 116 030 0.95
9 69.69 1372 1378 086 032 1.63 7044 1481 1228 115 033 1.00
10.5 68.84 1246 1548 081 037 2.03 70.88 1430 1249 1.02 029 1.02
12 66.39 10.80 18.94 0.73 039 274 70.77 13775 1292 091 032 134
135 7139 1229 1338 078 034 181 7049 1277 1396 073 034 171
15 70.74 1497 11.72 109 030 1.18 67.76 1134 1738 0.71 037 243
16.5 70.07 1492 1239 122 029 110 62.76 9.40 23.08 071 045 3.60
18 69.44 1499 1279 125 034 119 66.75 990 1929 083 0.33 291
19.5 69.10 1524 1302 121 031 112 7151 1183 1369 082 033 184
21 69.20 1441 1347 134 025 133 7131 1445 1179 093 029 123
225 68.21 14.62 1425 116 029 147 7179 1398 1181 085 026 132
24 69.79 1397 1343 120 030 131 7131 1419 1182 116 029 123
255 69.35 1437 1363 106 026 1.33 7157 1437 1175 092 028 111
27 70.20 1417 1296 110 025 1.32 70.02 1426 1312 094 029 137
28.5 69.89 15.03 1247 114 028 118 69.80 14.27 1331 114 027 120
30 22.68 19.86 23.71 11.87 751 14.37 69.63 13.76 1386 129 0.28 1.18
9 0 7031 1529 1173 140 029 0.98 10 69.78 1420 1334 119 028 121
15 69.72 1580 11.97 126 031 095 7056 1412 1280 124 031 097
3 7049 1524 1192 121 031 0.82 71.01 1465 1192 1.09 0.27 1.06
45 70.57 1532 11.71 118 0.34 087 7110 1456 1182 124 031 096
6 70.72 1474 1209 115 031 0.98 7158 1429 1175 104 032 1.03
7.5 70.89 14.63 1219 111 0.28 0.89 7050 14.74 1240 114 028 095
9 7043 1442 1253 110 032 1.20 7163 1411 1206 086 031 1.04
10.5 70.49 1346 1312 0.80 037 1.76 70.78 13.71 13.06 091 034 120
12 70.78 1238 1392 084 032 175 7091 1249 1379 075 031 174
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Meas. Pos. (nm) Fe Cr Ni Mn Si Zr Meas. Fe Cr Ni Mn Si Zr
9 135 68.74 1169 1624 070 041 222 10 7159 1190 1371 078 0.33 1.69
15 6740 1114 1797 070 035 244 6840 980 1842 072 036 231
16.5 65.43 935 2092 081 041 308 7171 1134 1410 0.69 035 1.82
18 70.88 1197 1428 079 032 177 7176 1335 1234 087 031 137
19.5 7226 13.06 12.18 0.84 030 1.34 7171 1414 1158 097 031 1.30
21 7260 13.04 1190 092 029 125 70.71 1451 1220 104 026 1.28
225 70.85 1433 1229 100 029 124 70.15 1489 1233 1.02 029 132
24 7040 14.07 1303 100 035 1.16 69.98 1487 1241 115 031 1.28
25.5 70.63 14.07 1279 1.05 028 1.18 69.61 14.77 13.03 1.03 0.28 1.28
27 69.89 1483 1284 085 027 132 69.54 1480 13.07 1.09 028 1.23
28.5 69.97 1474 1257 120 030 121 69.44 1418 1344 119 029 146
30 69.78 15.06 1247 126 031 112 69.38 14.17 1369 1.09 030 1.37
11 0 68.17 1397 1525 111 030 1.20 12 7146 1440 1182 1.05 031 096
15 67.80 13.84 1582 096 030 1.27 7128 1436 11.88 126 0.28 0.94
3 70.44 1385 1345 1.00 0.32 093 70.62 1520 1192 1.08 0.30 0.88
45 70.16 13.88 1359 1.03 031 1.02 7142 1441 1190 1.03 030 0.94
6 70.34 1437 1315 096 029 0.90 7099 15.01 11.76 112 030 081
75 70.75 1425 1258 1.04 030 1.07 70.88 13.92 1276 117 031 0.96
9 70.90 1412 1268 087 032 112 7137 13.67 1258 110 0.28 1.01
10.5 7116 1326 1336 090 029 1.04 70.98 1351 1328 074 031 119
12 70.89 1332 1339 072 033 134 7199 1324 1259 080 0.28 110
135 67.39 10.05 1881 086 039 249 69.73 1116 16.27 074 032 177
15 68.67 1024 17.68 057 039 245 7059 1114 1552 071 034 171
16.5 71.05 1182 1418 078 031 1.86 66.69 9.68 20.08 060 045 251
18 7144 1275 1315 072 032 161 65.92 964 2084 061 041 258
19.5 70.07 1480 1219 128 030 1.35 68.17 984 1845 0.74 034 246
21 70.54 1487 1220 096 027 115 70.17 1514 12,02 111 030 1.25
225 70.48 14.68 1221 114 029 120 69.70 15.01 1261 111 030 1.26
24 70.04 1514 12,07 114 035 1.26 69.37 1521 1273 110 031 1.29
25.5 69.17 1533 1291 111 027 123 70.19 1496 1218 1.04 032 1.30
27 69.60 14.71 1291 122 030 1.26 69.79 1541 1209 119 027 125
285 69.29 1542 12,67 1.03 0.27 132 69.79 1484 1270 1.03 028 1.36
30 69.59 1470 1315 100 0.28 1.28 7028 1416 1296 1.00 0.26 1.34
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Ref-Hf, 500C, 1 dpa

Meas.  Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
1 0 65.33 19.11 1287 114 133 024 2 63.58 19.26 1386 0.66 237 0.27
15 65.13 19.16 13.13 096 1.38 0.25 62.52 1993 1366 1.00 2.64 0.26
3 6458 19.18 1341 115 145 024 63.74 1841 1394 086 275 0.29
4.5 65.02 1936 1263 098 175 0.27 64.79 1782 1398 080 236 024
6 64.53 1841 1442 097 139 0.28 6351 17.89 1468 123 235 034
7.5 6464 19.05 1370 099 133 0.29 63.89 18.10 1408 086 282 0.25
9 6438 19.15 1354 105 164 024 63.81 1857 1377 115 242 0.28
10.5 63.89 20.83 1238 096 172 022 63.16 19.02 1344 120 287 0.30
12 65.46 19.61 12.03 106 1.63 021 63.63 17.84 1442 1.06 276 0.29
135 63.68 18.35 1541 084 132 040 63.42 2051 1236 081 266 024
15 62.70 17.79 16.68 0.82 158 043 63.42 2023 1247 113 250 0.25
16.5 65.63 1836 1333 090 151 027 64.33 1893 1272 101 275 0.26
18 6499 1945 1276 096 1.60 0.26 6259 1691 1689 0.61 250 0.50
19.5 65.13 1940 1257 114 154 0.23 6447 1692 1448 088 289 0.35
21 64.73 1952 1308 1.01 144 021 6297 20.17 1294 077 292 0.23
225 65.58 19.23 1228 106 165 021 63.81 1863 1340 0.95 293 0.29
24 65.28 19.29 1241 124 158 0.20 64.48 1869 1328 0.90 237 0.26
25.5 64.93 1958 1252 113 161 0.22 64.32 1897 1330 0.81 238 021
27 64.38 18.71 1414 108 140 0.29 64.77 1850 1243 121 287 022
28.5 64.02 1839 1463 111 158 0.28 64.20 19.07 1277 112 257 027
30 64.07 18.83 1441 081 159 0.29 64.07 1874 1361 120 217 022
3 0 64.65 18.96 13.63 1.02 1.48 0.26 4 64.72 1896 1343 123 142 0.24
15 64.75 19.10 1402 070 122 022 6491 1934 1305 1.00 146 024
3 64.27 19.11 1397 098 139 027 65.12 19.46 1279 1.04 137 022
45 64.29 18.61 1441 0.97 145 0.27 65.31 1894 1291 121 143 0.20
6 63.60 19.21 1468 1.01 116 0.34 64.39 19.79 13.02 115 144 021
7.5 6483 1876 13.71 104 137 0.29 6437 1968 1321 117 134 0.22
9 6457 1921 1355 105 139 0.23 65.06 20.05 1216 0.97 154 0.22
10.5 65.26 1890 1283 123 155 024 65.65 19.72 1189 117 139 0.8
12 6438 2032 1239 115 154 0.23 65.43 19.74 1217 091 150 0.25
135 65.59 1943 1223 103 148 024 65.47 19.02 1284 098 144 0.26
15 65.50 1855 1340 080 145 0.30 62.49 1765 1724 082 136 045
16.5 63.54 1755 16,55 0.61 132 044 6421 1773 1533 091 145 0.37
18 64.11 17.99 1512 094 151 034 65.18 18.47 1347 116 146 0.26
19.5 6467 1985 1250 1.18 159 0.21 65.24 1945 1227 114 168 0.22
21 66.42 19.16 1157 123 138 0.23 65.16 19.72 1227 112 156 0.17
225 65.12 1993 1222 109 142 022 6485 1955 1237 141 163 0.18
24 6441 1984 1287 106 160 0.22 65.32 20.06 1230 084 129 0.19
25.5 64.36 19.78 1290 124 151 021 65.81 1864 1286 112 137 021
27 6495 1886 1342 119 135 0.23 65.26 1957 1244 1.06 144 022
28.5 65.24 18.82 1297 125 146 0.26 65.01 1935 1277 111 155 0.22
30 65.63 18.60 13.01 0.97 157 0.23 64.86 19.29 1329 095 140 021
5 0 65.18 1955 1329 090 0.85 0.23 6
15 65.37 1941 1338 1.00 0.61 0.23
3 64.70 1925 1394 103 083 024
45 66.10 19.26 1263 114 0.63 0.24
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Meas.  Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si

5 6 65.82 1953 1259 107 078 0.20
7.5 6542 1962 1289 120 065 0.21

9 66.37 19.39 1218 113 0.70 0.23

10.5 64.76 20.13 1291 121 0.77 022

12 66.30 19.31 1223 120 0.76 0.20

135 66.20 1968 1232 098 058 0.23

15 64.62 1799 1530 087 087 0.36

16.5 65.02 1653 16.43 088 0.74 041

18 65.79 18.08 1405 092 083 0.34

19.5 66.05 19.04 1287 107 077 0.20

21 65.57 1958 1290 106 070 0.20

225 65.75 19.73 1260 102 0.66 0.24

24 6553 19.79 1249 117 079 022

255 65.53 1961 1272 110 085 0.20

27 65.07 19.84 1289 122 074 0.24

285 65.48 1883 1355 107 080 0.28

30 66.00 1857 13.17 113 0.88 0.25
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Ref-Hf, 500C, 3 dpa

Meas. Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si

1 0 63.72 18.90 14.79 1.18 119 0.22 2 66.59 16.88 14.17 1.01 114 0.21
15 6345 1925 1460 116 132 022 65.69 1766 1436 096 111 0.22
3 65.28 18.46 13.85 0.98 116 0.26 66.04 17.06 1441 1.09 1.14 0.26
4.5 65.32 1871 1349 107 115 0.26 65.82 1820 1423 053 1.00 0.23
6 66.33 18.64 12.77 0.86 115 0.26 66.71 1685 1436 095 0.87 0.27
75 65.34 19.13 13.11 0.90 131  0.20 67.80 16.64 1338 097 098 0.23
9 66.66 18.02 12.96 0.93 121 0.22 67.96 16.79 13.09 098 0.92 0.27
10.5 68.03 17.60 12.56 070 090 0.21 70.29 1554 1242 067 081 0.26
12 67.85 16.23 14.02 0.78 082 0.30 70.94 13.05 1418 081 0.77 0.25
135 63.81 12.11 22.18 0.61 075 054 64.34 1112 2280 058 0.78 0.38
15 50.71 8.15 39.36 0.38 063 0.76 58.38 9.77 30.05 060 0.70 0.49
16.5 5591 791 34.43 0.65 067 0.42 63.99 13.34 2093 073 0.66 0.34
18 63.58 10.64 2433 059 061 025 68.31 1683 1320 071 069 0.26
195 69.26 13.31 15.82 0.72 067 0.23 67.60 17.78 1262 077 0.98 0.25
21 69.01 1516 1385 0.83 091 024 65.94 18.05 1346 124 106 0.25
22.5 67.38 17.57 12.72 0.92 119 0.23 64.92 19.71 1294 0.91 1.27 0.25
24 65.99 17.98 1368 092 118 025 64.43 19.67 13.08 115 140 027
25.5 65.33 18.04 14.13 0.95 133 0.22 64.26 1996 1339 084 126 0.29
27 64.88 17.45 14.84 1.28 1.25 0.30 65.80 19.23 1258 0.92 128 0.19
28.5 64.72 18.15 14.67 1.14 1.09 0.23 64.28 19.69 1351 1.01 126 0.25
30 64.12 18.08 1544 0.86 1.28 0.23 63.52 20.38 13.77 0.85 121 0.27
3 0 65.36 19.27 12.86 0.96 1.30 0.24 4 65.53 18.44 1374 0.78 125 0.26
15 63.84 2024 1299 120 151 022 65.75 18.82 1298 113 108 0.24
3 65.63 19.16 12.35 121 143 0.22 66.00 17.42 1426 0.95 116 0.22
4.5 65.11 19.67 12.64 111 124 0.23 67.19 17.29 1342 0.75 113 0.23
6 65.66 19.32 1250 098 131 0.23 67.07 1758 1330 073 1.05 0.27
75 65.27 19.81 1247 101 121 023 68.33 16.62 1311 074 097 022
9 65.84 19.21 1274 0.88 1.08 0.26 69.52 15.67 1294 082 080 0.25
10.5 67.69 1725 1314 072 090 0.30 70.69 1530 12.18 0.67 091 0.26
12 59.82 12.22 26.29 035 078 054 70.53 1258 1503 0.76 0.80 0.31
135 5132 955 3717 060 070 0.65 67.65 1090 19.81 057 068 0.38
15 53.12 7.40 37.71 0.69 062 047 57.99 8.69 3151 068 063 0.50
16.5 6555 955 2338 057 067 028 63.43 1233 2254 064 070 0.36
18 65.48 10.58 22.52 043 071 0.27 67.82 1396 1633 077 0.78 0.34
19.5 7048 13.39 14.56 0.61 072 0.23 68.45 16.66 1298 066 0.97 0.28
21 68.79 1629 13.00 090 082 0.19 67.04 1771 1294 096 1.05 0.29
225 67.86 17.48 12.50 0.86 1.07 0.23 68.14 1744 1240 080 096 0.26
24 66.58 1839 1292 091 096 0.25 66.24 1690 14.84 084 094 0.23
255 65.93 1826 1329 107 120 0.26 64.81 16.68 16.36 098 0.88 0.28
27 6541 17.84 1420 113 117 024 6457 1726 1629 065 089 0.32
28.5 65.12 18.57 14.07 0.78 123 0.23 65.43 16.30 1581 1.07 1.04 0.36
30 65.23 18.39 14.05 0.85 121 0.26 65.76 16.75 1526 1.02 087 034
5 0 65.24 18.73 13.20 1.16 142 0.24 6 66.02 17.72 1360 1.35 1.07 0.24
15 64.65 19.56 13.11 1.05 140 0.23 65.97 1784 1374 090 130 0.26
3 65.72 1895 12.76 1.06 1.28 0.23 66.22 18.01 1342 0.85 127 0.24
4.5 65.42 19.45 1249 0.95 146 0.24 67.53 16.98 13.38 0.72 112 0.27

467



Meas. Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
5 6 65.75 19.32 1246 094 127 025 6 67.09 1760 1316 076 110 0.29
75 66.14 19.65 1205 093 100 024 6748 17.04 1338 081 1.04 025
9 67.47 1875 1157 086 107 0.27 69.06 16.05 12.65 105 094 0.26
105 68,51 17.39 1210 085 091 024 70.72 1520 1240 049 093 0.26
12 68.60 13.93 1570 058 084 035 7112 1479 1249 054 080 0.26
135 5479 833 3517 060 063 049 7051 1230 1557 059 077 027
15 66.02 1148 2101 044 076 0.29 56.55 9.27 3250 050 0.67 0.50
16.5 69.02 1499 1433 075 069 022 60.07 1081 2761 036 070 044
18 66.30 1234 1966 0.80 067 0.23 68.03 1635 1371 078 084 0.29
19.5 69.62 1514 1351 070 080 024 6748 1735 1323 080 090 0.25
21 68.87 16.00 1299 101 091 022 66.72 1714 1405 100 084 0.26
225 6758 1721 1327 081 092 022 66.83 17.03 1440 065 083 0.26
24 66.12 18.16 1346 1.00 104 022 66.15 16.69 15.06 086 097 027
25.5 66.06 1829 1341 087 111 0.27 6599 1695 1483 104 087 0.27
27 65.07 1824 1431 097 116 025 65.59 1719 1496 1.08 093 0.25
28.5 6532 1746 1476 106 116 0.23 65.73 17.67 1437 094 097 0.32
30 64.75 1830 1456 109 103 027 66.40 1759 13.69 1.00 1.00 0.33
7 0 63.91 2060 1262 112 151 025 8 65.92 1816 1355 094 125 0.19
15 65.31 19.64 1238 1.02 141 025 66.14 18.00 1349 1.08 1.03 0.25
3 64.96 19.94 1256 090 140 024 66.81 1761 1345 084 1.03 0.26
45 64.87 19.93 1265 106 128 0.21 67.07 1698 1387 087 1.01 021
6 66.69 19.34 1158 098 117 0.23 67.67 1654 1360 096 1.01 022
75 66.49 1858 1285 0.80 104 025 68.91 1675 1265 063 085 0.22
9 66.79 1846 1247 092 113 023 7048 1485 1283 067 098 0.18
10.5 67.34 1685 1383 079 091 024 7011 1320 1530 047 069 0.23
12 68.83 14.84 1444 079 083 0.27 69.59 1138 1735 063 072 033
135 56.46 9.16 3242 058 068 0.70 58.11 911 3133 043 059 043
15 61.08 924 2780 066 076 0.46 68.27 1259 1754 063 069 0.28
16.5 69.52 1252 1624 068 072 032 69.49 1469 1433 051 072 026
18 70.15 14.65 1360 060 076 0.24 6796 1756 1261 084 082 0.21
19.5 68.38 16.57 13.02 077 100 0.25 66.67 1823 1313 086 091 0.20
21 67.82 1647 1351 093 102 0.23 66.17 1838 1318 097 1.09 0.21
225 66.59 17.19 1409 085 109 0.19 65.30 1863 1387 091 1.07 0.23
24 65.79 18.01 1410 084 1.02 0.24 65.83 19.23 1267 090 111 0.25
255 66.05 17.62 1390 102 117 024 65.59 1876 13.04 114 120 0.26
27 65.54 1830 1365 105 122 0.24 65.78 18.72 1294 109 126 0.22
28.5 65.42 18.61 1328 112 132 0.25 65.19 1894 1310 123 130 0.23
30 65.08 1955 1321 070 117 0.29 65.22 1862 1329 117 148 022
9 0 64.73 1956 1314 090 145 022 10 65.89 1773 1399 093 122 024
15 6493 19.16 1324 113 130 0.25 6599 17.21 1433 110 114 0.24
3 65.12 19.80 1226 121 140 0.22 66.40 1759 1324 126 123 0.29
45 65.36 1948 1236 111 145 0.24 67.12 1805 1252 089 112 0.30
6 6542 19.64 1238 088 146 0.22 68.28 1697 1240 0838 116 031
7.5 6597 19.18 1251 089 119 0.26 68.24 1690 1290 070 098 0.28
9 67.19 1835 1224 084 113 025 7205 1415 1222 058 073 027
10.5 6757 1717 1320 085 096 0.26 7119 1444 1270 061 075 0.31
12 68.06 14.70 1554 058 082 0.30 7212 1435 1196 064 068 0.26
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Meas. Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
9 135 6448 1350 2038 046 081 037 10 69.76 1139 1715 061 078 0.32
15 56.65 887 3245 061 077 0.66 58.46 9.67 3042 043 054 048
16.5 60.87 9.07 2845 056 062 044 62.05 11.16 2504 062 071 043
18 69.54 1659 1206 068 083 0.25 67.90 1518 1511 082 068 0.31
19.5 68.45 16.81 1238 1.02 111 0.22 68.55 16.15 1328 087 0.84 0.32
21 66.39 18.18 1310 093 114 0.26 66.22 1888 13.01 073 088 0.28
225 66.03 1842 1305 1.07 117 0.26 65.51 1893 1343 080 1.05 0.28
24 6541 1893 1310 098 137 021 65.99 1827 1345 096 1.08 0.25
25.5 64.82 2020 1263 079 134 022 65.57 1845 1355 106 111 0.26
27 64.87 20.61 1191 090 145 0.26 64.27 1944 1362 097 140 029
28.5 64.53 20,55 1217 098 154 023 65.19 1871 1347 117 114 033
30 64.86 19.85 1253 113 138 025 65.67 1864 1318 1.10 1.07 0.34
11 0 6456 19.87 1273 114 144 0.27 12 6558 1834 1358 105 119 0.26
15 65.09 1955 1276 105 133 022 66.36 1796 1314 111 119 024
3 64.66 19.74 1290 121 128 0.20 6722 1666 1391 092 1.06 0.23
45 65.33 1955 1259 105 124 024 67.74 1643 1403 068 089 024
6 65.25 19.66 1277 084 124 0.24 68.40 1641 1337 068 090 0.24
75 67.09 1827 1257 073 110 024 69.17 1584 1313 069 093 024
9 67.79 1815 1181 092 110 0.23 70.15 1528 1278 075 083 0.22
10.5 68.79 1681 1233 081 100 0.27 71.03 1445 1265 095 068 0.25
12 66.59 14.68 1695 057 091 031 58.81 9.07 3066 039 064 043
135 59.57 953 2916 037 077 059 69.92 1409 1435 070 0.67 027
15 60.55 852 2912 065 064 052 7035 1352 1459 054 072 028
16.5 68.36 1125 1894 057 061 027 68.03 1773 1278 051 077 0.19
18 70.82 1451 1297 062 083 025 68.20 1752 1254 065 084 0.26
19.5 69.24 16.76 1200 090 090 0.21 66.62 18.15 1322 080 094 0.26
21 67.92 1761 1274 061 093 0.19 66.34 18.13 13.07 113 1.04 028
225 66.85 1848 1221 105 116 0.25 66.16 18.22 1299 107 129 0.26
24 65.59 1853 1311 131 122 024 65.25 1883 1340 105 124 022
25.5 6592 1891 1276 095 128 0.19 65.70 1846 1327 108 126 0.23
27 63.92 20.63 1287 089 145 024 65.00 1866 13.61 1.18 131 0.25
285 65.97 18.99 1237 103 142 024 64.67 19.36 1332 097 144 024
30 64.52 20.08 1266 115 136 0.22 6520 1895 1321 107 133 025
13 0 64.82 1870 1407 100 119 022 14
15 67.08 17.77 1257 108 126 0.24
3 66.36 17.89 1293 135 120 0.26
45 66.15 1758 1399 098 108 024
6 67.23 1693 1374 082 1.08 0.20
75 67.76 16.83 1342 069 107 0.23
9 67.49 16.37 1407 089 095 0.22
10.5 68.83 15.66 1382 064 083 0.23
12 70.06 1452 1342 086 088 0.26
135 61.88 964 2692 049 068 0.40
15 6159 1053 2639 043 062 044
16.5 69.56 14.63 1429 057 069 0.26
18 69.05 15.02 1430 060 0.73 0.30
19.5 70.12 1508 1319 069 070 0.21
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Meas. Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
13 21 66.69 1823 13.02 082 099 025 14
225 67.17 1827 1271 064 098 024
24 65.44 1885 1317 119 112 0.23
255 66.65 1824 1277 087 121 0.26
27 65.65 1893 1294 102 125 0.21
285 65.63 18.87 1299 102 125 025
30 64.67 1953 1327 101 129 0.23
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LoHf, 500C, 1 dpa

Meas.  Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
1 0 65.16 18.72 1336 118 133 0.26 2 6529 18.74 1327 108 134 0.28
15 63.67 19.69 13.79 114 142 029 65.59 18.74 13.09 096 137 0.25
3 65.52 1841 1310 136 133 0.27 66.19 1835 1290 091 140 0.24
4.5 65.33 1898 1275 134 133 027 66.99 1765 1335 0.65 110 0.26
6 64.61 1950 1332 119 1.09 0.29 67.70 16.01 1387 0.82 130 0.30
75 65.81 1861 1314 1.03 111 0.29 66.70 1537 16.00 0.65 098 0.31
9 65.75 1893 1280 1.16 1.07 0.29 6320 14.12 20.75 053 1.09 0.30
10.5 66.66 17.66 13.49 0.84 0.98 0.38 64.65 1350 19.86 0.70 1.02 0.27
12 64.68 1558 1753 0.79 0.94 048 67.64 1437 1584 0.79 098 0.38
135 64.75 1531 1780 0.76 1.06 0.33 67.45 1425 16.16 0.75 099 041
15 62.03 13.96 22.03 0.62 1.00 0.36 67.87 1548 1443 087 091 044
16.5 60.59 12.67 2463 0.67 1.08 0.36 67.73 16.13 14.02 0.75 095 042
18 62.83 13.08 2196 0.68 117 0.28 68.16 16.48 1335 0.72 095 0.34
19.5 63.07 1287 2191 076 112 0.27 68.00 1695 1282 099 093 0.30
21 6321 1348 2107 0.69 128 0.28 6742 1760 1276 0.85 1.07 0.29
225 64.46 13.44 1990 0.85 1.08 0.27 66.98 17.74 1293 1.00 1.08 0.28
24 64.89 1394 1888 0.81 121 027 66.55 18.27 1287 0.86 1.16 0.28
255 66.40 14.32 17.08 0.68 1.26 0.26 66.10 1838 13.12 097 114 0.30
27 68.03 1584 1371 091 125 0.26 66.82 18.22 1230 117 120 0.29
28.5 67.49 1650 13.47 093 133 0.28 65.65 18.42 1330 126 110 0.26
30 67.04 16.68 1375 090 136 0.26 66.25 18.14 1290 119 122 0.30
3 0 65.00 19.23 13.08 1.01 140 028 4 6491 1893 1332 126 133 0.26
15 65.24 1892 1294 117 147 026 64.76 19.03 1362 099 134 0.26
3 65.22 18.81 13.09 1.07 155 0.26 65.18 18.69 1354 097 132 0.30
45 66.06 1854 1266 113 130 0.31 64.99 1894 1356 0.99 124 0.29
6 65.87 18.88 1274 0.99 125 027 65.71 18.62 1325 0.99 119 0.24
75 66.09 1861 1288 0.90 126 0.27 66.21 1839 1290 1.00 121 0.30
9 66.56 18.02 1291 0.97 124 0.30 66.07 1793 1349 1.02 123 0.27
10.5 66.39 18.11 13.04 112 105 0.29 6764 1734 1286 0.73 115 0.29
12 6723 17.15 1343 0.78 107 0.35 66.83 16.88 14.08 0.86 1.06 0.29
135 65.14 1531 1741 075 1.02 0.37 6594 1588 1621 0.71 096 0.30
15 62.20 1457 2101 079 0.99 044 63.82 1450 1964 0.74 094 0.36
16.5 60.46 12.65 2474 0.68 1.00 047 61.29 13.09 2334 0.71 106 051
18 64.71 1319 20.08 0.78 0.93 0.30 64.14 1334 2057 0.70 085 0.39
19.5 65.76 1423 1796 0.64 115 0.26 66.11 1339 1852 0.73 096 0.28
21 67.46 1453 1598 0.66 1.10 0.27 6755 1458 1571 0.73 114 0.30
225 68.21 1533 1425 082 114 0.26 6729 1591 1459 086 1.07 0.28
24 68.28 16.08 1341 080 1.15 0.28 68.88 16.03 13.04 066 112 0.27
255 68.84 1595 13.02 0.76 117 0.25 68.05 16.26 1323 1.03 118 0.26
27 66.84 1737 1325 1.05 122 027 67.84 16.13 1362 094 119 0.29
28.5 66.92 18.14 1254 091 123 027 67.27 1732 1316 0.79 115 0.30
30 66.89 17.45 1311 1.00 129 027 67.76 1723 1277 080 114 031
5 0 6496 18.88 1350 116 1.23 0.27 6 66.02 1849 1288 118 116 0.26
15 65.47 1865 1311 113 137 0.27 65.49 1890 13.08 1.04 119 031
3 65.33 18,67 1342 096 132 031 65.64 1867 13.06 117 115 031
45 65.70 1831 1325 110 137 0.27 65.99 1865 1286 0.99 121 0.30
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Meas.  Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
5 6 65.93 1826 13.18 091 145 0.27 6 66.55 17.85 13.03 118 1.08 0.31
75 67.00 17.77 1271 099 124 0.29 66.57 1842 1252 1.09 108 031

9 6740 16.83 1345 090 116 0.27 67.09 17.07 1359 0.83 110 031

10.5 66.49 1578 1552 0.74 121 025 66.41 16.23 1525 0.78 1.03 0.31

12 63.31 1472 1989 0.69 1.09 0.30 6491 1499 1822 058 1.02 0.28

135 62.27 1424 2144 077 091 0.36 6345 1446 2018 066 097 0.29

15 6349 1373 2075 0.68 091 045 63.90 13.64 2056 066 091 0.33

16.5 66.68 1441 16.82 0.75 094 040 64.90 1355 1961 0.75 083 0.37

18 68.01 1526 1467 080 0.88 0.38 66.78 14.07 1725 0.67 078 045

19.5 67.84 1585 1432 079 089 0.32 67.79 1454 1560 0.89 079 0.38

21 68.09 16,52 1333 0.76 1.03 0.28 68.40 1529 1446 065 093 0.28

225 67.78 16.74 1335 0.84 1.02 027 68.41 1635 1326 0.74 097 0.27

24 6731 1731 1314 086 112 025 6725 16.69 1376 099 105 0.27

255 6719 1785 1279 073 115 0.27 67.96 16.65 1293 081 136 0.30

27 67.75 1758 1256 0.64 117 0.30 6729 1677 1329 112 127 0.25

28.5 6747 1766 1251 092 115 0.29 67.16 1750 12.81 1.02 124 0.27

30 66.99 17.71 1264 107 127 032 66.79 1824 1261 081 130 0.25
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LoHf, 500C, 3 dpa

Meas.  Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
1 0 65.62 20.38 1168 1.09 1.08 0.15 2 65.15 2041 1207 113 110 0.14
15 66.25 20.27 1131 1.06 1.00 0.12 65.65 21.07 11.15 093 1.06 0.14
3 65.62 20.41 1188 095 098 0.15 65.72 2045 1160 1.07 104 0.2
4.5 65.96 20.13 1186 1.04 090 0.12 66.43 20.17 1149 0.88 092 0.12
6 67.04 20.00 11.10 0.99 073 013 6593 20.67 1138 109 080 0.3
75 66.42 2022 1177 0.70 0.77 0.12 67.37 1950 11.38 0.82 0.80 0.12
9 67.33 1949 1155 0.82 069 0.13 67.34 20.04 1121 058 071 0.13
10.5 66.84 19.52 12.06 0.78 0.66 0.14 68.33 1838 1182 0.71 0.60 0.16
12 68.11 17.03 1357 061 053 0.15 68.84 1548 1421 0.76 051 0.20
135 66.71 13.90 18.13 0.44 063 0.19 6798 15.65 1513 046 0.63 0.16
15 57.62 948 3166 045 055 024 5441 924 3498 043 061 034
16.5 5755 852 3284 032 059 018 53.37 821 3715 043 062 0.22
18 65.07 866 2530 0.32 053 013 64.49 9.09 2541 033 053 014
19.5 69.28 960 1997 053 051 011 69.34 1050 1924 033 049 0.09
21 7045 974 1894 025 051 011 7133 1163 1598 039 055 0.12
225 7298 1164 1426 046 056 0.09 7180 1226 1493 038 053 011
24 72.87 1340 1224 068 072 0.11 7266 13.07 13.04 054 058 0.11
255 7239 1492 1132 049 075 012 7270 1411 1163 067 0.78 0.12
27 7192 1563 1111 058 0.65 0.11 70.69 1579 1199 066 0.78 0.10
28.5 70.92 1578 1157 085 0.76 0.12 7120 1633 1068 081 086 0.12
30 7061 1691 11.02 057 0.78 0.10
3 0 65.71 2037 1146 111 121 013 4 65.63 2039 1196 094 094 0.13
15 65.63 20.21 1173 115 113 0.15 66.33 20.00 1143 1.03 1.08 0.3
3 6592 2018 1159 112 106 0.13 66.33 20.24 1127 097 104 0.5
45 66.52 20.19 1140 095 081 0.13 66.10 20.36 1164 0.81 094 0.15
6 66.34 2032 1139 1.00 082 0.14 65.98 20.33 1149 104 103 0.14
75 66.34 2023 1140 108 082 0.13 66.93 19.52 11.79 095 0.68 0.13
9 67.34 1970 1116 081 086 0.13 66.70 19.71 1202 0.65 0.78 0.14
10.5 68.49 1843 1151 0.75 068 0.14 67.34 1937 1157 094 064 0.14
12 68.79 16.08 13.79 0.63 055 0.16 68.97 16,55 1328 048 056 0.16
135 65.81 14.19 1865 0.64 053 0.18 64.86 13.58 2040 039 056 0.22
15 5535 8.86 3450 053 049 028 51.71 831 3870 041 056 031
16.5 5691 830 3373 032 056 0.17 58.28 832 3229 029 064 017
18 58.90 841 3150 051 052 0.16 6596 952 2345 041 054 012
19.5 6766 9.14 2203 046 058 0.12 70.56 10.33 1786 0.61 052 0.13
21 71.78 1162 1554 040 052 0.14 7184 1137 1554 049 065 0.11
225 7287 1267 1318 050 066 0.11 7161 1183 1547 040 059 0.10
24 7258 1396 1216 057 061 0.13 7211 1299 1355 054 067 0.14
255 72.82 13.69 1214 057 067 011 73.03 1397 1155 060 0.74 011
27 7190 1526 1116 0.81 0.76 0.10 7233 1530 1094 063 0.71 0.10
28.5 7170 1585 11.02 056 0.75 0.11 7126 1552 1146 0.85 081 0.10
30 7193 1546 1118 056 0.77 0.10 70.01 16.71 1143 087 086 0.12
5 0 65.65 20.28 11.77 101 114 0.16 6 65.37 2092 1158 094 109 0.11
15 66.21 20.16 1125 120 106 0.12 66.23 20.22 11.23 1.09 1.09 0.13
3 66.01 1992 1179 106 108 0.14 66.66 20.11 11.04 1.03 105 0.12
45 66.06 20.29 1169 094 092 011 66.34 2042 11.04 115 092 0.3
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Meas.  Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
5 6 66.98 19.98 11.09 092 0.89 0.14 6 66.28 20.02 1156 113 090 0.11
75 67.15 2025 11.03 070 0.73 0.14 67.13 2047 1082 0.73 075 0.11
9 67.70 1940 1140 070 0.66 0.14 69.06 1838 1124 0.66 055 0.11
10.5 68.47 18.04 1211 061 065 0.13 66.51 1415 1818 052 047 017
12 69.14 1578 1389 0.40 060 0.18 59.92 1019 2869 048 049 023
135 67.36 1390 1734 061 060 0.18 61.20 10.77 26.82 047 053 020
15 50.87 806 39.71 046 061 0.29 53.09 766 3788 052 060 025
16.5 5833 824 3235 037 054 0.16 6349 886 2657 045 047 0.16
18 6252 853 2780 042 059 0.14 69.38 958 1997 039 058 011
19.5 68.84 995 2012 050 048 0.11 7221 1202 1485 031 051 0.10
21 7048 1120 1731 037 053 0.11 7289 1297 1262 0.77 063 0.11
225 7189 1194 1509 0.38 0.60 0.11 7281 1348 1202 086 071 0.13
24 7286 1284 1294 057 066 0.12 7197 1475 1185 0.73 060 0.11
255 7293 1422 1149 047 077 0.12 71.09 1555 1164 0.81 080 0.11
27 7253 1440 1153 073 0.70 0.12 7125 1607 1112 0.63 081 0.12
28.5 70.80 16.07 1142 086 0.73 0.13 7039 17.39 1043 0.72 096 0.11
30 70.68 16.44 1120 070 0.86 0.12 69.01 17.34 1202 0.63 0.88 0.12
7 0 64.76 20.05 1253 118 131 0.18 8 6441 2022 1271 122 127 017
15 63.42 2118 12838 112 119 021 65.03 19.90 1246 113 129 0.8
3 65.05 20.75 1199 096 107 0.18 64.67 21.07 1187 112 110 0.17
45 64.76 20.85 1251 081 093 0.14 6455 2060 1239 126 102 0.19
6 65.77 2012 12,01 118 0.79 0.14 65.57 20.17 1216 0.81 110 0.18
75 66.02 2025 1160 1.11 0.88 0.14 64.65 2056 1290 0.87 0.86 0.17
9 65.93 19.10 13.05 1.06 0.65 0.22 64.24 2106 1267 0.99 088 0.6
10.5 55.97 1342 29.08 054 049 0.0 63.89 1735 1714 0.76 061 0.25
12 46.30 8.85 4350 0.38 053 044 54.69 1364 3001 059 059 048
135 4729 886 4239 034 063 049 4766 835 4264 048 046 041
15 49.76 827 4087 039 043 0.28 50.09 7.61 4096 052 051 031
16.5 55.66 812 3471 067 056 0.28 5523 819 3542 040 051 025
18 60.35 859 2986 041 052 0.27 59.82 813 3082 048 053 023
19.5 66.54 888 2360 027 045 0.26 59.94 866 3026 044 046 025
21 69.61 9.73 1939 046 059 0.21 66.12 854 2415 051 046 021
225 7129 1011 1723 057 051 0.29 7192 1060 1635 0.39 053 021
24 7285 10.73 1499 065 055 0.23 7299 10.85 1478 054 062 0.21
255 7350 1233 1282 047 066 021 7316 1291 1276 029 063 0.24
27 7356 1355 1145 065 054 025 7288 1342 1209 065 072 0.24
285 7258 1417 1167 057 073 0.27 7227 1398 1222 0.60 068 025
30 7117 1580 1157 055 0.69 0.23 7142 1576 1113 059 089 021
9 0 63.57 20.82 1322 089 132 0.17 10 6441 2042 1241 125 131 020
15 6499 20.78 1179 104 125 0.14 64.33 2097 1216 118 117 0.9
3 64.22 20.76 1240 127 118 0.17 64.81 20.66 11.86 136 113 0.17
45 65.49 2053 1171 094 117 0.16 64.64 2045 1246 101 123 021
6 66.07 19.18 1227 121 112 0.16 66.14 19.23 1222 109 119 0.14
75 64.82 2098 12.01 108 094 0.16 64.66 2114 1198 105 099 017
9 6549 2049 1187 1.09 087 0.20 65.68 20.73 1155 0.93 096 0.16
10.5 65.58 19.28 1350 0.79 0.68 0.16 66.01 1992 1179 115 096 0.16
12 61.63 1568 21.12 068 0.51 0.37 65.46 20.18 1225 1.07 086 0.17
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Meas.  Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
9 135 4781 816 4242 065 047 049 10 65.70 1957 1291 093 072 0.18
15 4956 7.81 4148 039 045 032 65.73 20.18 1226 091 072 0.20
16.5 5238 836 3822 025 050 0.29 65.30 17.24 16.02 0.62 056 0.26
18 5541 838 3516 038 048 0.19 57.09 1371 2767 060 049 044
195 58.46 7.86 3253 044 046 025 4787 854 4217 049 051 043
21 62.61 851 2797 025 043 0.24 5259 839 3780 042 051 028
225 58.65 7.77 3231 049 053 0.24 56.46 846 3383 041 055 022
24 5858 825 3205 050 039 0.22 60.99 863 2901 057 055 025
255 67.86 893 2195 046 054 0.26 6742 912 2229 038 054 024
27 7152 1041 1698 038 048 0.23 6720 875 2296 044 043 021
28.5 7348 13.06 1220 045 0.58 0.24 7137 975 1768 051 048 022
30 7238 1365 1238 075 0.60 0.25 7315 10.97 1459 055 050 0.24
11 0 64.93 2051 1194 128 119 0.14 12 65.03 2023 1234 080 143 018
15 6446 2100 1185 122 128 0.8 6450 20.36 1250 1.03 144 0.17
3 64.62 20.87 12.08 110 116 0.17 65.88 1958 1225 0.79 133 0.16
45 65.19 20.84 1176 111 096 0.14 63.30 2153 1248 0.99 152 018
6 65.10 2049 12.09 121 096 0.15 64.77 2085 11.76 117 127 0.17
75 65.27 2122 1164 078 094 0.16 6449 2047 1225 135 127 017
9 66.15 2021 1171 093 083 0.18 6432 2135 1213 099 1.03 0.17
10.5 6590 19.67 1244 106 075 0.18 66.00 20.71 1120 114 0.78 0.8
12 66.88 1834 1333 064 058 0.22 65.04 20.11 1296 0.90 084 0.16
135 4937 1030 3883 049 049 048 63.93 1934 1532 048 072 021
15 5155 798 3938 036 046 0.27 46.16 10.61 4157 041 061 0.65
16.5 6124 864 2895 047 048 0.22 4745 822 4314 040 048 032
18 62.68 851 2780 035 040 0.25 51.01 7.61 4023 033 057 026
19.5 63.83 859 2647 044 046 021 56.37 796 3454 040 048 0.26
21 65.47 854 2475 053 048 023 60.53 842 2982 046 051 028
225 70.82 979 1822 042 054 021 66.57 943 2267 058 052 0.23
24 73.90 11.03 13.67 063 058 0.20 69.96 1023 1857 042 054 028
255 72.84 1288 1270 073 0.62 0.24 72.02 1265 1412 031 066 024
27 7270 13.07 1256 075 0.71 0.20 72.68 1337 1251 0.60 0.61 022
285 7298 1399 1154 057 0.68 0.24 7167 1450 1245 054 059 025
30 7186 1510 1142 065 072 025 70.23 1579 1227 064 082 0.25

475



HiHf, 500C, 1 dpa

Meas.  Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
1 0 65.78 1896 1279 0.97 132 0.19 2 64.77 1930 1320 114 136 0.23
15 65.01 19.13 1351 0.88 129 0.19 64.66 1854 14.08 1.13 142 0.8
3 66.31 1796 13.14 123 115 0.20 65.99 18.10 1291 147 133 0.20
4.5 66.25 18.16 1322 0.99 117 021 66.67 1759 1289 154 115 0.16
6 68.56 17.01 1216 0.90 119 0.17 66.96 17.64 1294 1.08 116 0.21
7.5 67.08 1659 14.15 0.90 1.09 0.20 66.53 1792 1311 113 112 0.20
9 67.34 1555 1499 087 101 0.25 6742 1755 1298 061 124 0.20
10.5 63.88 14.68 19.03 114 1.06 0.22 68.95 1526 13.67 092 099 0.22
12 60.86 14.90 22.01 0.80 113 0.30 65.54 15.06 17.42 0.77 098 0.23
135 62.54 1415 2098 094 115 0.23 61.01 1385 2280 093 1.09 0.32
15 63.23 1457 1970 124 102 024 6159 13.49 2252 0.87 126 0.27
16.5 65.09 1457 1842 071 0.98 0.23 6255 1439 2093 086 103 0.24
18 65.14 1554 1722 0.84 1.06 0.20 64.24 1486 1882 0.79 105 0.24
19.5 66.09 1499 1671 0.95 1.03 0.23 6457 1575 1784 0.74 088 0.22
21 65.42 1597 16.16 1.09 1.17 0.18 66.16 1542 16.28 0.77 118 0.19
225 66.72 16.26 1495 0.77 1.09 021 66.73 1582 1511 1.02 113 0.19
24 66.51 16.47 14.67 1.07 1.06 0.22 66.04 16.61 1498 114 103 0.19
255 66.82 1591 1490 1.06 1.07 0.24 65.56 16.27 1585 0.88 122 0.22
27 66.93 1693 1381 0.96 115 0.23 66.94 16.64 1424 092 106 0.20
28.5 66.79 17.68 13.03 119 113 0.19 66.98 16.28 14.43 098 1.12 0.20
30 66.82 17.44 1315 111 127 021 66.99 16.46 14.06 0.86 140 0.23
3 0 64.62 19.08 1395 0.83 130 022 4 65,50 18.69 1327 1.03 132 0.19
15 65.62 1829 1365 0.94 134 0.18 64.60 19.71 1311 118 121 0.20
3 65.97 18.07 1341 1.05 131 0.19 66.30 1825 1289 096 1.38 0.22
45 6581 17.81 1379 1.08 131 0.19 66.36 18.63 1265 0.92 125 0.19
6 66.69 17.39 1353 0.95 124 021 66.63 17.41 1358 1.18 1.02 0.18
75 6729 1639 1394 0.92 124 023 66.72 17.36 1339 108 121 0.23
9 67.15 16.16 1496 057 093 0.22 6745 1591 1431 097 115 o0.21
10.5 6321 1462 1975 0.99 113 0.29 6750 1455 1576 086 114 0.19
12 60.37 1475 2292 0.65 1.03 0.28 63.01 1426 2038 0.78 128 0.29
135 6151 13.87 2255 0.74 1.05 0.29 60.85 13.84 2282 085 133 031
15 63.02 1470 20.19 0.88 1.00 0.22 61.34 1369 2284 0.79 108 0.26
16.5 63.76 1514 19.16 0.85 0.85 0.24 62.73 1455 2056 0.81 106 0.28
18 64.30 1513 1868 0.70 1.00 0.20 65.06 1525 17.82 0.81 083 0.24
19.5 65.18 1549 17.18 0.81 1.12 0.23 65.14 1572 1734 065 092 0.22
21 65.23 1580 16.84 0.97 096 0.20 66.25 1527 16.40 0.89 096 0.23
225 66.07 1593 1577 091 1.13 0.19 66.12 1537 16.28 0.88 1.17 0.18
24 66.87 1565 1521 093 112 0.22 66.17 1582 1560 106 1.14 0.20
255 65.85 16.36 1522 121 115 021 66.34 16.34 1510 096 1.08 0.19
27 66.31 16.31 1516 0.84 120 0.18 66.50 17.77 1316 111 126 0.20
28.5 66.49 17.10 1381 120 118 0.22 66.65 16.85 1435 0.86 1.09 0.20
30 66.75 16.26 14.44 111 121 022 67.29 1650 1365 1.15 121 0.19
5 0 6554 1921 1281 0.77 143 024 6 64.83 1884 1338 136 137 0.23
15 6554 1822 1348 130 125 0.21 66.12 18.04 1298 140 126 0.19
3 65.87 1867 13.05 096 124 0.21 65.28 1881 13.18 111 142 0.20
45 67.78 17.42 1237 092 128 0.23 66.06 1850 13.16 0.88 1.21 0.20
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Meas.  Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
5 6 68.19 1766 1212 074 109 0.20 6 66.88 17.78 1264 125 127 0.8
75 67.23 1658 1371 1.02 128 0.8 66.83 1756 1340 091 1.08 021

9 66.76 1472 1624 096 110 0.23 6749 17.05 13.01 1.03 121 022

10.5 6255 14.05 2112 0.85 113 0.30 67.04 1587 1485 087 115 0.21

12 59.88 1425 2359 084 116 0.29 64.79 1571 1752 067 104 0.27

135 62.27 1378 2180 095 091 0.29 62.27 1492 2040 090 122 0.29

15 62.82 1443 2050 092 110 0.24 60.63 1451 2253 067 135 0.30

16.5 64.57 1449 1880 092 098 0.23 61.26 1392 2262 078 112 031

18 63.93 1513 19.06 0.69 097 0.23 62.56 1455 20.84 077 105 022

19.5 65.19 1463 1787 1.00 107 0.24 63.85 14.88 19.16 083 1.06 0.22

21 65.22 1576 1697 0.76 105 0.23 65.28 1472 1779 096 1.05 0.20

225 65.11 16.79 1588 0.90 110 021 67.21 1510 1557 0.78 1.15 0.19

24 66.70 1593 1526 0.79 110 022 66.78 1562 1522 1.09 1.09 0.19

255 65.93 16.75 1503 090 115 0.24 65.56 16.81 1522 1.02 117 022

27 65.87 16.92 1512 084 112 0.14 66.29 16.54 1483 089 124 021

28.5 66.70 1582 1491 115 123 0.19 66.16 16,51 1461 1.03 149 0.20

30 66.78 16,52 1419 1.08 123 0.20 65.95 17.62 1415 078 131 0.19
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HiHf, 500C, 3 dpa

Meas.  Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
1 0 65.78 1896 1279 0.97 132 0.19 2 64.77 1930 1320 114 136 0.23
15 65.01 19.13 1351 0.88 129 0.19 64.66 1854 14.08 113 142 0.8
3 66.31 1796 13.14 123 115 0.20 65.99 18.10 1291 147 133 0.20
4.5 66.25 18.16 1322 0.99 117 021 66.67 1759 1289 154 1.15 0.16
6 68.56 17.01 1216 0.90 119 0.17 66.96 17.64 1294 1.08 116 0.21
7.5 67.08 1659 14.15 0.90 1.09 0.20 66.53 17.92 1311 113 1.12 0.20
9 67.34 1555 1499 087 101 0.25 6742 1755 1298 061 124 0.20
10.5 63.88 14.68 19.03 114 1.06 0.22 68.95 1526 1367 0.92 0.99 0.22
12 60.86 14.90 22.01 0.80 113 0.30 65.54 1506 1742 0.77 098 0.23
135 62.54 1415 2098 094 115 0.23 61.01 1385 2280 0.93 1.09 0.32
15 63.23 1457 1970 124 102 024 6159 1349 2252 0.87 126 0.27
16.5 65.09 1457 1842 071 0.98 0.23 6255 1439 2093 086 1.03 0.24
18 65.14 1554 1722 0.84 1.06 0.20 64.24 1486 1882 0.79 105 0.24
19.5 66.09 1499 1671 0.95 1.03 023 6457 1575 1784 0.74 088 0.22
21 65.42 1597 16.16 1.09 1.17 0.18 66.16 1542 1628 0.77 1.18 0.19
225 66.72 16.26 1495 0.77 1.09 021 66.73 1582 1511 1.02 1.13 0.19
24 66.51 16.47 14.67 1.07 1.06 0.22 66.04 16.61 1498 114 1.03 0.19
255 66.82 1591 1490 1.06 1.07 0.24 65.56 16.27 1585 0.88 122 0.22
27 66.93 1693 1381 0.96 115 0.23 66.94 16.64 1424 092 1.06 0.20
28.5 66.79 17.68 13.03 119 113 0.19 66.98 16.28 14.43 098 1.12 0.20
30 66.82 17.44 1315 111 127 021 66.99 16.46 14.06 0.86 140 0.23
3 0 64.62 19.08 1395 0.83 130 022 4 65,50 18.69 1327 1.03 132 0.19
15 65.62 1829 1365 0.94 134 0.18 64.60 19.71 1311 118 121 0.20
3 65.97 18.07 1341 1.05 131 0.19 66.30 1825 1289 0.96 1.38 0.22
45 6581 17.81 1379 1.08 131 0.19 66.36 18.63 1265 0.92 125 0.19
6 66.69 17.39 1353 0.95 124 021 66.63 17.41 1358 118 1.02 0.18
75 6729 1639 1394 0.92 124 0.23 66.72 17.36 1339 1.08 121 0.23
9 67.15 16.16 1496 057 093 0.22 6745 1591 1431 097 115 0.21
10.5 6321 1462 1975 0.99 113 0.29 6750 1455 1576 086 1.14 0.19
12 60.37 1475 2292 0.65 1.03 0.28 63.01 1426 2038 0.78 128 0.29
135 6151 13.87 2255 0.74 1.05 0.29 60.85 13.84 2282 085 133 031
15 63.02 1470 20.19 0.88 1.00 0.22 61.34 1369 2284 0.79 1.08 0.26
16.5 63.76 1514 19.16 0.85 0.85 0.24 62.73 1455 2056 0.81 1.06 0.28
18 64.30 1513 1868 0.70 1.00 0.20 65.06 1525 1782 0.81 0.83 0.24
19.5 65.18 1549 17.18 081 1.12 0.23 65.14 1572 1734 065 092 0.22
21 65.23 1580 16.84 0.97 096 0.20 66.25 1527 1640 0.89 096 0.23
225 66.07 1593 1577 091 1.13 0.19 66.12 1537 1628 0.88 1.17 0.18
24 66.87 1565 1521 093 112 0.22 66.17 1582 1560 1.06 1.14 0.20
255 65.85 16.36 1522 121 115 021 66.34 16.34 1510 0.96 1.08 0.19
27 66.31 16.31 1516 0.84 120 0.18 66.50 17.77 1316 111 126 0.20
28.5 66.49 17.10 1381 120 118 0.22 66.65 16.85 1435 0.86 1.09 0.20
30 66.75 16.26 14.44 111 121 022 6729 1650 1365 115 121 0.19
5 0 6554 1921 1281 0.77 143 024 6 6483 1884 1338 136 1.37 0.23
15 6554 1822 1348 130 125 0.21 66.12 18.04 1298 140 126 0.19
3 65.87 1867 13.05 096 124 0.21 65.28 1881 13.18 111 142 0.20
45 67.78 17.42 1237 092 128 0.23 66.06 1850 13.16 0.88 1.21 0.20
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Meas.  Pos. (nm) Fe Cr Ni Mn Mo Si Meas. Fe Cr Ni Mn Mo Si
5 6 68.19 17.66 1212 0.74 109 0.20 6 66.88 17.78 1264 125 127 0.18
75 67.23 1658 1371 1.02 128 0.8 66.83 1756 1340 091 1.08 0.21

9 66.76 1472 1624 096 110 0.23 6749 17.05 13.01 1.03 121 0.22

10.5 6255 14.05 2112 0.85 113 0.30 67.04 1587 1485 087 115 021

12 59.88 1425 2359 084 116 0.29 64.79 1571 1752 0.67 1.04 0.27

135 62.27 1378 2180 095 091 0.29 62.27 1492 2040 090 122 0.29

15 62.82 1443 2050 092 110 0.24 60.63 1451 2253 0.67 135 0.30

16.5 64.57 1449 1880 092 098 0.23 61.26 1392 2262 0.78 112 031

18 63.93 1513 19.06 0.69 097 0.23 62.56 1455 20.84 0.77 105 0.22

19.5 65.19 1463 1787 1.00 107 0.24 63.85 14.88 19.16 0.83 1.06 0.22

21 65.22 1576 1697 0.76 105 0.23 65.28 1472 1779 096 1.05 0.20

225 65.11 16.79 1588 0.90 110 021 67.21 1510 1557 0.78 1.15 0.19

24 66.70 1593 1526 0.79 110 022 66.78 1562 1522 1.09 1.09 0.19

255 65.93 16.75 1503 090 115 0.24 65.56 16.81 1522 1.02 117 0.22

27 65.87 16.92 1512 084 112 0.14 66.29 16.54 1483 089 124 0.21

28.5 66.70 1582 1491 115 123 0.19 66.16 16.51 1461 1.03 149 0.20

30 66.78 16,52 1419 1.08 123 0.20 65.95 17.62 1415 0.78 131 0.19
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