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The evolution of stress in a Ni—Hf diffusion couple during solid-state amorphization
reaction has been monitored by substrate curvature measurements and x-ray diffraction.
The latter technique allowed an independent determination of the contribution of
changes in stress-free lattice parameter to the stress in the crystalline layers. The
results indicate that the amorphous phase forms under a large tensile stress, which
relaxes as the reaction progresses. This stress in the amorphous phase is consistent
with the volume change associated with the reaction. Stresses in the crystalline,
elemental phases are considerably smaller and not affected by the reaction.
Low-temperature Ni ion irradiation increases the tensile stress in the diffusion couple.
The large observed stress variations are not accompanied by variations in the effective
interdiffusion coefficient.

. INTRODUCTION is generally observed to grow according tt’arate law,

In the past decade, there has been much interest in agreement with a diffusion-controlled mechaniéf.
solid-state routes of amorphous phase formation. One ddome authors have reported negative deviations from the
these routes has been the solid-state amorphization reaé? growth law in late reaction stages, occurring before
tion (SSAR)! This growth of an amorphous layer by the reactants were consunfed.Both kinetic and ther-
interdiffusion in bilayer diffusion couples has been ob-modynamic explanations have been offered. One pos-
served in a large number of systemsgpically charac- sible cause of a change in the rate law is an alteration in
terized by a negative enthalpy of mixing and markedthe macroscopic stress staté?** Stresses in as-
diffusional asymmetry. In such systems, temperatureleposited samples have been suggested to enhance the
ranges exist which are both sufficiently high for the reaction rate in the early stages; as stresses are relieved
more-mobile species to undergo long-range diffusion butluring reaction, the reaction rate faflsSince there is
sufficiently low to kinetically suppress formation of generally a volume change upon amorphizatidfthe
equilibrium crystalline compounds by limiting rearrange- reaction product is expected to be stressed, which can
ment of the less-mobile species. affect the atomic mobilities or the driving force.

We have previously used diffusion couples consisting In systems readily undergoing SSAR, in which there is
of a layer of as-deposited amorphous alloy in contacsubstantial diffusional asymmetry, large microstresses
with one of the terminal phaséd\lloy compositions that  (type Ill, or atomic-level stress&y, identified with a
resulted in a vanishing reaction rate provided direct destructurally unrelaxed state, are expected to evihe.
termination of the metastable common-tangent composiontrast, the subject of the present studyniscrastress.
tions. The interdiffusion coefficieni), was shown to be Macrostress here refers to type | stre$3eshich are
guite sensitive to the compositon of the amorphous alloyequilibrated within the sample and represent averages
In the present work we study potential additional com-over volumes which include many grains but which may
plications to the simple, constaDt description of SSAR  still be very small compared to the overall sample size. In
kinetics. diffusion couples consisting of amorphous Ni—Zr alloy

Upon SSAR, an initially elemental bilayer diffusion layers of differing compositions, observed dependence of
couple evolves into a trilayer structure with the amor-the effective interdiffusion coefficient on the diffusion
phous phase sandwiched between the two terminal phaskstance has been attributed to macrostre5sés|ow-
layers. In the early stages, the amorphous layer thicknessg a theoretical treatment by Stephens®mccording
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to Stephenson, stress effects are significant for interdifin the stress-free lattice parameters and their contributions
fusion over small distance scales. In the present work, th® stress, allowed us to separate the different contributions
amorphous layer thickness is initially zero and increaseto stress in the crystalline layers. We have found there to be
through the small length scale to large thicknesSes.  an offset between stresses measured by the two methods, in
In the Co—Zr system, macroscopic apparent compresagreement with previous repofts:?® This discrepancy
sive stresses in crystalline Zr layers, basedf20 x-ray  does not affect our conclusions and is discussed only in this
diffraction, combined with curvature measurements, sugeontext. A full explanation of the discrepancy is beyond the
gest tensile stresses in the amorphous layers, which aseope of the present work. Low-temperature ion irradiation
associated with interdiffusion enhancem&ht? How-  was used to modify the film stress without inducing addi-
ever, in these studies, the lack of data on the stress-frd®nal mixing. We have found that significant stress
lattice parameter and Co dissolution in the Zr layers comehanges occur in the amorphous phase as a result of either
plicate the interpretation. Aaen Anderseinal. observed reaction or ion irradiation. However, these have not been
behavior which suggests an effect of stress on the inteaccompanied by noticeable changes in the interdiffusion
diffusion rate between as-deposited amorphous Zr—Cooefficient.
and elemental C&Their remarkable observations can be  An essential feature of the present work is the consis-
summarized as follows. After an initial period during tent use throughout of control samples. Where the quan-
which Co diffused into the amorphous alloy, the rate oftity of interest is stress in the amorphous layer of a
change in the composition of the amorphous phase subeacting diffusion couple, stresses are also measured
stantially decreased. The authors suggest that a steady-single-layer elemental samples treated with the same
state composition was reached. It varied with reactiortime—temperature history. Where the quantities of inter-
temperature more strongly than expected from the metaest are the stresses and reaction rate subsequent to ion
stable free-energy diagram. Most importantly, samplegradiation, measurements are made immediately post-
which were irradiated after reaching a steady state reradiation. These are compared with an irradiated bare
sumed reaction upon further annealing. The authors sugubstrate and with an identical unirradiated diffusion
gest that, because of the significantly lower mobility of couple reacted under the same conditions. Since the
the Zr, the indiffusion of Co led to microstress in the stresses relevant to the reaction are those present at the
amorphous phase, resulting in a shift in its composition ateaction temperature, values measured at room tempera-
metastable equilibrium with Co. lon irradiation or higher ture are corrected to the annealing temperature. Uncer-
temperatures, the authors argue, assisted relaxation of thenties associated with this correction are shown to be
amorphous phase, thus enabling the composition temall and so do not affect our conclusions. The essential
more-closely approach metastable equilbrium. quantities are not the stress magnitudes butdifier-
These observations could be alternatively explained bgnceshetween control and experimental samples and the
a buildup of macroscopic stress—which was not moni-evolutionof stress in the amorphous phase.
tored—during interdiffusion and its relaxation due to ir-
radiation. Previous research addressing a stress effect on
reaction rate is based on modeling rather than diregj pxpPERIMENTAL METHODS AND ANALYSIS
measurement*® To improve our understanding of the
interplay between macroscopic stress and diffusion i
amorphous alloys, we have undertaken a study of dif- Diffusion couples studied consisted of thin films of Ni
fusion and macroscopic stress during SSAR in Ni—Hfand Hf on microscope slide or cover slip substrates 1.0
thin-film diffusion couples. In the present work, sample-and 0.15 mm thick, respectively. Control samples con-
average and crystalline layer stresses are directly measisted of elemental single layers on either substrate. Mi-
ured. The Ni—-Hf systemwas selected as a typical late croscope slide substrates provided the rigid support
transition metal—early transition metal couple for itsneeded for stable geometry in XRD measurements.
chemical similarity to the widely-studied Ni-Zr system Cover slip substrates are sufficiently thin to undergo
and the large mass contrast which provides high resceasily measurable curvature changes due to typical film
lution in Rutherford backscattering spectrometry (RBS)stresses.
measurements. We report results of diffusion mea- Films were deposited by electron-beam evaporation in
surements by RBS and simultaneous stress measurat a base pressure <1 x f@orr; maximum pressures
ments. Substrate curvature measurements yieldeduring deposition were in the low to mid 10torr range.
average film stress values, and x-ray diffraction (XRD) inFilm thicknesses were about 1500 to 3000 A and depo-
the Seemann—Bohlin geometry yielded phase-specifisition rates about 1.5 to 5 A/s. For samples with Ni nomi-
stress and stress-free lattice parameter values for the crysally adjacent to the substrate (Ni + Hf), a thin Hf layer
talline phases. The combination of the two stress measurgas deposited directly on the substrate to improve adhe-
ments, plus the ability to independently determine changesion. For samples with Ni as the nominal top layer

hA. Preparation
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(Hf + Ni), a thin Hf cap was deposited on the surface totent. The oxygen concentration was observed by acquir-
protect against oxidatioh.Resulting diffusion couples ing RBS data with sufficient statistics and carefully
consisted of substrate + 25 A Hf + 2000 A Ni + 3000 A fitting the spectrum. In all cases, no measurable oxygen
Hf (Ni + Hf) or substrate + 3000 A Hf + 1500 A Ni + content was observed within at least 1500 A of the
100 A Hf (Hf + Ni), approximately. interface.

Samples were reacted in flowing Ti-gettered Ar at Both diffusion couples and single-layer elemental con-
340 °C for up to 540 min with interruptions for charac- trols were characterized by XRD in order to determine
terization. To minimize oxidation, samples were buriedthe phases present and measure the stress evolution in the
under Zr powder and the chamber was purged for at leastrystalline phases. A Seemann—Boffirthin-film dif-

24 h before annealing. Temperatures were controlled téractometer (TFD) was used. In this geometry, the angle
within about £0.2° and times to about +2 min. of incidence,y, is fixed, usually aty = 10°, and the

In order to observe the effect of irradiation on stressdetector scanst2 For the present film thickness and
and interdiffusion, two Ni—Hf diffusion couples on cover the x-ray signal uniformly samples the entire film depth.
slip substrates were deposited and annealed simult&ince the direction of the scattering vector varies with 2
neously up to 156 min. One of the two was then irradi-each scan provides the lattice parametkrfor many
ated with 2.9 x 18" 3.0 MeV Ni*?cm ™2, leading to crystallite orientations. XRD was performed primarily on
about 0.5 displacements per atom, as calculated bmicroscope slide substrates; consistency checks were
TRIM;?* the other sample provided a control. Subseperformed on some of the cover slip samples using a
guent anneals of the two samples were also performecustom-made sample holder designed to avoid strain-
simultaneously. Chemical effects in the film are negli-ing them.
gible since the ion dose used is equivalent to 0.3 Ni To measure biaxial stress, careful calibration of the
atomic monolayers, and >95% the ions fully penetrateT FD was required. A correction function for angular ab-
the metal film, coming to rest in the substrate (fromerrations was obtained by fitting the diffraction angles of
simulation). To avoid straining the sample, it was looselyan Au or LaB; standard (LaB powder embedded in ep-
mounted to a heat sink and irradiated for 20 h at a poweoxy with lapped and polished surface supplied by Gem
density of only 4 mW/cra while continuously cooled Dugout, State College, PA) to the functional form ex-
with liquid N,. The irradiation was determined to bring pected for instrumental angular deviatiGhplus an em-
the sample temperature @0 K. pirical linear term. Diffraction peaks were fit to an

Since nearly all of the incident ions fully penetrate theasymmetric Pearson VIl functidf plus background. In
metal layers, and irradiation has been observed to causbe sample reference frame, a biaxial stress,is as-
expansiof® or contractioR® in glasses, any curvature sumed ¢, = o,, = o,y all othero;; = 0) since depos-
changes upon irradiation could be due to film or substratééed atoms were nearly normally incident on an
changes. Therefore a control was required, which conamorphous substrate. In this case the strain component is
sisted of 80 A Hf on a cover slip substrate. The thin Hfe, = (d - dy)/d,, wherey = 6 — vy is the angle between
layer provided electrical conductivity and mimicked the the diffraction vector and the sample normd), the
film—substrate interface portion of the sample. This con+eference pure-material stress-free spacing for the given
trol was irradiated to the same dose using the same speeflection andd, the XRD-measured lattice spacingiat
cies, power density, and cooling methods as the sampl&ull tensor analysis was used to derive’® e, =
The energy used, 1.5 MeV, corresponded to the averagg(o,,hkl) + 3,,, assuming uniform stress and accounting
energy of ions exiting the back of the metal film layersfor anisotropic linear elastic constants. Héres a dis-
(from TRIM).** crete function of the Miller indiceshkl) and the compli-
ance tensor, an@,, is the isotropic (“hydrostatic”)
relative deviation from the pure-material stress-free lat-
tice spacings. Values af,, d,,, and uncertainties were

Rutherford backscattering spectrometry, RBS, usingbtained by nonlinear LSF to statistically weighteg
2-MeV Hee* at a scattering angle of 165° or 170°, wasmosto, andd,, values were averaged over repeated scans
performed after each treatment. Spectra from Au and Ser samples. An example of the fit & is shown in Fig. 1,
were acquired along with sample data for detector anih which the strain is plotted versus $t). For an iso-
electronics calibration. RUMP was used to obtain non- tropic material, this plot would give a straight littewith
linear least-squares fits (LSF) between sample descrigslope proportional to the stress and with stress-free lattice
tions and the most relevant portions of each spectrumparameter observed &t = 2v/(1 +v); i.e.,, e, = 3y,
yielding atomic composition as a function of depth andwherev is Poisson’s ratid? We note here that the ability
thus individual layer thicknesses. To correct for smallto determine the stress-free lattice parameter allows us to
discrepancies in the measured total metal content, layefetermine the contribution of solute incorporation to the
thicknesses were normalized to constant total metal corebserved stress.

B. Characterization
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~20) deq) thicknesses used and a maximum deflection of about
40 um = 0.25t,, the assumptions made in deriving Eq.

200 150 100 50 o

L (1) are well-satisfied?

0.002 p——rs—— — =
| I lll. RESULTS
o 0.007 -
= | , i A. Stresses
) .
ﬁ 60004 - - - - The biaxial stress in the crystalline layers, determined
> 1 - by XRD at room temperature, has been corrected for
“ 0001 4 - thermal stress to determine the stress at the annealing
| L temperaturel ,,,(assuming no relaxation or yield during
-0.002 s | . | . 1 _ cooldown, see Sec. IV. B. 1 for further discussion).

10 05 0.0 0.5 10 These_ corrected stresses and_relative c_hanges in pure-
.5 ) YIS ’ material stress-free lattice spacitg,, are displayed as a
-sin“(Y)+2v/(1-v)cos® (W) ~ cos(29)  function of t¥2 in Figs. 2(a) and 2(b) for Ni and Hf,
FIG. 1. Strain versus sh(d) with y = 10° for the Hf phase of a respectively. Fo_IIowing convent_ion, pqsitive stresses and
diffusion couple. In this geometryly = 6 — . The solid line is the ~ Strains are tensile. In as-deposited Ni lay@fsjs about
nonlinear fit to the discrete functidip(o,,hkl) + 8,,, weighted accord-  (+0.19 = 0.02)% and (+0.23 £ 0.03)% in single-layer
ing to the error of each data point. elemental and diffusion couple samples, respectively. In
both, 3,, increases by about 0.05% from the initial value

Estimates of grain size and root-mean-square straidl the first 30 min of annealing, followed by little sub-
€,me Were also obtained from the XRD data. The netS€quent char_wge. The pla_\)_qal stress at room temperature,
integral breadth is calculated from the observed and in%obs IN the Ni phase is initiallyr,ps = —0.08 + 0.06 and
strumental integral breadths,,,.andw,, ., respectively, 0.28 £ 0.06 GPa in smgle—leyer elemental and diffusion
by B = {(Wypd® — (W,e)?} M2 A weighted LSF to a plot couple semplee, respe_cnvely, increases by about
of 2 sin@)/\ versus B sin(®)/\ yields grain size= 1/in- 0.30 GPa in the first 3Q min of annealing in both sample
tercept and,,,. = slope/2.5%° types and then approxmately saturates.

Stresses were also determined from curvature changes ! as-deposited Hf layers,, is about (+0.08 + 0.01)%
of cover slip samples. All cover slip substrates were ini-2nd (+0.04 £ 0.01)% in the single-layer elemental and
tially selected by optical interferometry for small and diffusion couple samples, respectively. In bo#, in-
uniform deviations from flatness. Curvatures were meas¢réases by about 0.08% in the first 30 min of annealing,
ured on a Dektak profilometer in two orthogonal direc-followed by little subsequent change. The Hf phase is
tions. For validation, we compared the Dektak initially under asma!l tensile stress whlch deereas_es and
measurement with optical interferometfyand laset’” ~ becomes compressive upon annealing. Initidlly, in
profilometry and found them to agree to within aboutthe Hf phase in th_e single-layer elemental and diffusion
+0.005 m. The 15 mg mass-equivalent force applied bycouples samples is the same, +0.12 + 0.09 and 0.15 +
the scanning stylus is calculated to cause negligible ded-02 GPa, respectively. In both samples types, de-
flection. Samples were held in a custom-made support t§r€@ses by about 0.21 GPa and reaches about -0.08 +
prevent sliding, rocking, or straining. Measured profiles0-03 GPa in the first 30 min of annealing and then satu-
were fitted to radii of curvatureR, over the central ates. In summary, within error, the same changesj
14 mm, using instrument software. Typical deflections@Nddy occur in the two sample types of Ni and Hf over
over the scan were about 1.5 to 2t from flat, corre-  the annealing times studied. _
sponding respectively to curvaturdé,= 1/R, of about The evolution of stresses _W|th_ anneal time at 340 °C
0.06 to 0.8 m™. The equation used for the biaxial film Was al_so measured in one d'|ffu5|on couple consisting of
stress,, corrected for plate geometry and modified to OPPOSite layer order, Hf + Ni (not shown). Within error

were the same in Ni layers of both the Hf + Ni and Ni +

EdZ Hf samples. In the Hf layers, such agreement is also

= 81— vt (AK, + AKy) . (1)  observed for theé,, values; however the initiat, values
are greater in the Ni + Hf sample and decrease to a lower

Subscripts indicate substrate (s) or film (f) quantities, value after annealing 30 min compared to the Hf + Ni
is Young's modulus, antlis the film thicknessAK, = sample. In view of the qualitative agreement and larger
1/R, - 1R, whereR, is the radius of curvature of the error bars on the Hf + Ni sample, data, the observed
sample in thex direction & or y) and R, that of the  differences are not likely significant. At longer times, no
substrate before deposition. For the film and cover sligsignificant differences are observed. When comparing

o
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and IV. C. 2). These two samples were annealed together
at 340 °C for 156 min, one was irradiated, and they were
then further annealed together. In the sample that was
annealed only (see below for irradiation), the measured
-0.2 o, was initially about 0.77 GPa, increased to about
0 10 20 1.5 GPa after 30 min at 340 °C, and then decreased and
(b) t"2 (min'?) saturated at about 1.0 GPa.
FIG. 2. Biaxial stress at,,, (340 °C),o(T,,,», calculated from XRD . FOI’_ a_s—deposned single-layer elemental samples there
measurements and differential thermal expansion (open symbols) arlg variation of up to 1 GPa between stress measurements
relative change in pure-material stress-free lattice spaéipgsolid by XRD and curvature. One single-layer elemental
symbols), in crystalline layers of diffusion couple ( 4) and single-  sample (Ni) was annealed, and stresses were measured

layer elemental sampleS)( M): (a) Ni phase, (b) Hf phas&o+(Tand - by both methods: within the uncertainty, the two tech-
indicates the thermal stress upon cooling frog, to room tempera-

ture (see discussion). If relaxation or yield occur during cooldown, thenlques indicate the same stressanges.The expected
stress curves may be shifted by an offset upAte.(T,,) in the ~and observed agreement between the two measurement
direction indicated by the arrow. methods are discussed below (Sec. IV. A).

some additional, nominally identical samples, made irP: Other XRD resuits

separate depositions, significant scatter in as-deposited Grain size and root mean square straip,{ values

o, andd,, values is observed. However, in most-caseshave been determined as described above. The initial

similar changesare observed in the first 30 min. In all grain size is[500 A in Ni and [B00 A in Hf. When

cases, the same changes, within error, are observed froamnealed for 5 h at 340 °C, the grain size in Ni increases

30 min on. to (600 A, but that of Hf remains unchanged, within
Biaxial stress results obtained from curvature for a paiuncertainty. Initially,e s is [0.1% and1.2% in Ni and

of 5200-A-thick Ni—Hf diffusion couples are shown in Hf, respectively. Upon annealing,,in Ni decreases to

Fig. 3; stresses shown are corrected tg, (assuming no about half of its initial value; in Hf the value remains

relaxation or yield during cooldown, see Secs. IV. B. 1constant, within uncertainty. Since the XRD data were
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not originally collected for grain size ang,,c determi- D. Irradiation

nation, the uncertainties in the results are large and only aq gescribed above. one of the partially reacted diffu-
the relative magnitudes and qualitative changes are likely;, couples was irradiated at low temperature usirfg Ni

significant. ions of sufficient energy to fully penetrate the films. Fig-

_ X-ray scans taken in th&/26 geometry give a general e 3 gisplays the average sample biaxial stress as a func-
indication of texture. Ni shows all of the expected peaks;on of time with the time of irradiation indicated.

with roughly the expected intensities for randomly poly- - rvature and RBS measurements were made subse-
crys_talline material, indicating, at most, weak texture._lnquent to each anneal and immediately postirradiation.
Hf films, on the other hand, only a few weak peaks asiderpg tensile stress increases significantly upon irradiation.
from (002) and its multiples are observed, indicating arne control substrate curvature change indicates that
significant (001) preferred orientation. only about 20% of the apparent stress change is due to a
direct irradiation effect on the substrate. Annealing the
irradiated control substrate also shows that little of the
) _ ) apparent stress change upon irradiation or postirradiation
In Fig. 4 the amorphous layer thickness,, is plotted  annealing is due to a direct effect on the substrate. The
versust'’2for the same samples as Fig. 3 and the Hf + Nipet tensile stress increase due to irradiation effects on the
sample; the slope squared is directly proportional to thenetal layers is about 0.32 GPa; the increase due to
effective interdiffusion coefficientD. On the basis of gypsequent annealing is 0.48 GPa. On the basis of pre-
our previously-determined common tangent compoSitiminary XRD results subsequent to postirradiation an-
tions” and the initial slopeP = 1.6 x 10°“m?s. nealing, there is no difference in Ni layer stress between
We observe that neither the changes in average streggadiated and unirradiated samplés; is slightly less in
(Fig. 3) nor stress changes in individual layers (Fig. 2jthe jrradiated sample. In the Hf layer, increases by
are accompanied by any noticeable change in the integ 43 GPa following irradiation plus anneal, from com-
diffusion coefficient. A comparison of the Hf + Ni curve pressive to tensile values;, increases only very slightly.
with that of Ni + Hf in Fig. 4 is suggestive that the = The jmpact of irradiation on reaction extent can be
reaction rate may be influenced by layer order. Howevergeen in Fig. 4, in which the irradiation time is indicated.
while the Hf + Ni sample has a greater initial reaction As remeasured by RBS immediately after irradiation, no
rate, at later times the two curves become parallel withyetectable change in the composition profile resulted
in uncertainty. Finally, note thdd decreases slightly at from jrradiation (data points overlap in the figure). Sub-

C. Composition profiles

late times. sequent to the irradiation, the irradiated and unirradiated
samples were annealed further. To good precision, no
difference in postirradiation reaction rate is detected; the

2000 two Ni + Hf curves of Fig. 4 are within error bars of one

another. In summary, we observe that the stress changes
due to interdiffusion, irradiation, or additional postirra-
diation reaction are not accompanied by a significant
change in reaction rate.

IV. DISCUSSION

For both Ni and Hf, in single-layer elemental and in
diffusion couple samples with either layer order, we find
that while differences exist in the as-deposited values, the
changesn biaxial stress and stress-free lattice parameter
with time are the same within error. We suggest that
differences between nominally identical, as-deposited
samples are due to insufficient control of some deposi-

' tion variable(s). The similar evolution of nominally iden-
0 10 20 tical samples gives us confidence in the stress and strain
£112 (min”z) measurements. A source of concern is the observed dis-
agreement between XRD and curvature measurements;
FIG. 4. Amorphous layer thickness,, obtained from RBS, as a g;ch disagreement has been previously reported by other
function of reaction time at 340 °C. Ni + Hf layer order, same samples . . . .
as Fig. 3: annealed only (x); annealed and irradiated (arrow)dyjth aUthorS_and is discussed in Sep. IV. A ltis ConC!Uded
measured before and after irradiation (+); also Hf + Ni annealedthat While the two methods disagree on stress in as-

only (O). deposited samples, they agree on steagdution.There-

dam (A)

468 J. Mater. Res., Vol. 15, No. 2, Feb 2000



W.S.L. Boyer et al.: Interdependence of stress and interdiffusion during solid-state amorphization in Ni—Hf

fore, their combined use for the crystalline phases allowsrystallites in the film (Reuss average) is one source of
us to determine the stress evolution in the amorphousrror, since it fails to satisfy material continuity Taking
phase. In section IV. B, thermal and solute contributionssingle-crystal anisotropy into account does not signifi-
to stresses are analyzed. Observed stress changes in tantly improve the fit in Fig. 1. The discrepancy between
crystalline and amorphous phases are discussed in Setise observed strain anisotropy and that calculated, by
IV. C. 1 and IV. C. 2, respectively. Section IV. D deals possibly results from the particular texture of the sample
with the irradiation and its effects on stress and diffusion(random texture is assumed in the derivation). Note that
Finally, the diffusion kinetics are discussed in Sec. IV. E.approximations other than that made by Ré@isgould
yield even less calculated strain anisotropy. The addi-
A. Comparison of XRD and curvature tional qomplex!ty of including texture in the full-tensor
stress measurements derivation off_ is not warranted in the present work.

] ) In a fine-grained polycrystalline sample, generally, a
While the two stress measurement methods used in thgna)| fraction of all grains will be suitably oriented for

present work agree on stress evolution, they disagree igfraction. If the grains are randomly oriented, the signal
magnitude; this section discusses the discrepancy. Thg representative of the overall average. However, in tex-
average stress;, in a film consisting of more than one tred samples, the fraction of grains diffracting may be
layer is the thickness-weighted average of individualmych smaller and nonrepresentative of the overall aver-
layer stressesy;, plus contributions from each interface, age. While some authors have reported quantitative

agreement between the two technigtfesareful com-
M N N parison has revealed frequent disagreem@mt? It
o= Z v + Z 0% Z X (2)  should be noted that the disagreement is not likely to be
] [ i caused by selective sampling of the crystallite population
because Malhotrat al. have found significant disagree-
where v; is the interfacial stressM is the number of ment when sampling the majority of the population in a
interfaces, andN the number of layers, each of thicknesstextured film?°-?* The fact that each data point in Fig. 1
;. The interfacial contribution is negligible for the small corresponds to a different part of the crystallite popula-
number of interfaces in our samp&No direct meas- tion contributes to the scatter but is very unlikely to
urement of stresses in the amorphous layer is possible introduce a systematic error in the slope. Disagreement
the present samples. A combination of XRD and subwas also observed in nearly texture-free fifth&'includ-
strate curvature measurements has been used by othimg the Ni films in the present work.
authors®*°~*%o determine the contributions to the stress  While there is disagreement between our two methods,
that are not directly observable. However, great carghe difference remains about constant with annealing
should be taken in basing conclusions on differences itime. In order to address whether the extent of agreement
stress values measured by the two techniques. On firstould be expected to change with annealing, one must
consideration, one expects the stress in the amorphoesnsider whether the crystallite orientation distribution
phase to be the difference betweep from curvature can be significantly altered. Recrystallization could sub-
measurement and the contributions of the crystallinestantially alter the orientation distribution, but the mod-
phases, where the latter are calculated using Eq. (2grate change in grain size we observe indicates
XRD mearusements af; (Fig. 2), and RBS measure- insignificant recrystallization. The agreement could also
ments ofx; (Fig. 4). However, in the as-deposited diffu- change with time if the grain orientation distribution
sion couples, where the amorphous layer thickness isvolves due to abnormal or secondary grain growth,
negligible, the average stress calculated by Eq. (2) doesommon in thin films*> While not satisfactorily ex-
not agree with that of the curvature measurements. Thplained by the authors, anneals causing recrystallization
discrepancy is greater than reasonably explained bgnd/or grain growth have been observed to cause an in-
interfacial stress. As stated above, we observe similacreasing discrepancy between XRD and curvature stress
discrepancies in single-layer elemental samples. Conseaeasurement§’ In the present work, the extent of grain
quently, it is not possible to quantitatively calculate thegrowth is small and is not expected to significantly alter
stress in the amorphous phase. However, in light of outhe agreement between the two measurement methods.
comparison of measurements on the single-layer elemeiPlastic deformation could also affect the extent of agree-
tal controls by both methods, we conclude below that thenent>*° by changing the grain orientations. While
measured curvaturehangeis dominated by the contri- sample processing performed by Venkatraffaoes in-
bution of the stress in the amorphous layer. duce plastic deformation, the extent is smak; 1%, and
We now discuss possible sources of disagreement bé not expected or observed to change the agreement
tween the two stress measurement methods. The assunigetween the two measurement methods. In the present
tion that the same biaxial stress tensor describes alliork, total thermal strains are also small, 0.2%, and
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strains in the crystalline layers due to stress in the amorthat this is only the case during cooldown, since, upon
phous layer are negligible. Therefore, plastic deformaheating, thermal stresses are either small or cause the
tion is not expected to significantly alter grain shapes orstress magnitude to decrease. The following literature
orientations. values were used: Linear coefficients of thermal expan-
In conclusion, stress measurements by curvature anslon for Ni;*® Hf,*® microscope slide¥ and cover slip°
diffraction techniques are expected to quantitativelyare oy, = 13.3 x 10°K™, o,y = 6.0 x 10°K™,
agree for random crystallite orientations. However, disoy,s = 8.9 x 10K, and acg = 7.38 x 10°K™1,
agreement due to nonrandom grain orientation distriburespectively; alsd,; = 200 GPa,y,; = 0.31,E4 =
tions may be much more common than is generallyl41 GPa, and,,; = 0.26° See below for the thermal
appreciated?2*>%3>%"|n the present work and reported expansion of the amorphous phase.
cases of disagreemett?°?*more tensile stresses are
often observed by the curvature technique. Both method
are expected to indicate the same stress evolution undér
themal treatments like that of the present work and Ref. Dissolution of gaseous or metal impurities will cause a
44 as long as neither recrystallization, nor grain growthchange in the stress-free lattice parameter, resulting in

Stress resulting from solute incorporation

nor plastic deformation is substantial. 8y # 0. If impurities causing,, > 0 are incorporated
during deposition, before the metal atoms become adher-
B. Stress dueto &, # 0 ent to the remainder of the film + substrate, no macro-

I o . scopic stress will result. Impurities entering the film after
Calculated contributions to the biaxial stress resulting; ¢;-ms will cause biaxial stress changegd,,) given by

. . . - H
from changes in the lattice parameter will be addressed 'Eq. (3). Note that our ability to independently measure

Lh's _selctlon. Ina t.rlll'n film atlrachedlt(? a th'Ckegi;JbStrat?the stress-free lattice parameter, and thus deter@ine
laxial stresses will generally result from any difterentia (]::nables us to determine this stress contribution.
volume change between film and substrate. The biaxia

stressg,, arising from a relative change in the stress-free
lattice parametefy,,, is*® C. Discussion of observed stresses

E This section addresses mechanisms giving rise to ob-

0,(dy) = - 15 oy - (3)  served stress changes in the present work. In IV. C. 1, we
v establish that the contribution of the crystalline layers to

the observed average stress is small. In IV. C. 2, we

Several physical processes contributd,joThey include X '
phy P i y 0dlscuss the stress changes in the amorphous phase.

differential thermal expansion, solute incorporation, an
various structural changes in the elemental films. Con-

tributions to the stresses we observe are discussed below. ; and s, in the crystalline phases
Calculations of thermal, impurity, and structural change . .
effects on stresses in the crystalline phases are presente n the pr(_esent wo_rk, _genera_llt‘}h > 0; th|§ IS q“a"t‘”?“
in Secs. IV. B. 1, IV. B. 2, and IV. C. 1, respectively. tively consistent with interstital solute incorporation,

Application to the present work and interpretation is dis—sqCh as Niin Hf or gaseous impurities in either metal or
cussed in Sec. IV. C. with large-atom substitutional impurities, such as Hf in

Ni. The single-layer elemental samples exhibit about the
samed,, values and evolution as the diffusion couples in
both as-deposited and annealed cases. This control en-
The stress at the annealing temperature is given bgbles us to rule out dissolution of Ni in Hf, Hf in Ni, or
0(Tann) = Oops— Aor(Tann, WhereAo(T) = E(as — )  any other effects of the SSAR as sourcesdgfin the
(T - T,p/(1 — v) is the thermal stres®. Little stress  diffusion couples. Absorption of 2 at.% oxygen during
relaxation or yield are assumed to occur at either roonthe annealing of Hf is quantitatively consistent with the
temperatureT,,, or in the few minutes required for the observed,,>* and is plausible, given the reactivity of Hf.
heating or cooling. In Fig. 2¢(T,,,) is displayed; Thatd, # 0 in as-deposited Ni suggests the presence of
Ao+(T,.n is indicated by an arrow. If stress relaxation orimpurities in the as-deposited film. While the authors are
yield occurs at room temperature or during cooldown, thenot aware of quantitative studies of Ni lattice parameter
o(T,nn values prior to cooldown will be shifted by about as a function of oxygen content, gaseous impurities in Ni
the same amount at each point, up to a maximum olikely constitute less than a few atomic percent. Such
Ao+(T,n0. In the direction indicated by the arrow. We impurity estimates only include those incorporated into
have analyzed all possible combinations of heating, coolthe lattice; impurities may also reside on grain bound-
ing, and initial stress state to determine when relaxatiomries or other defects and thus not affect XRD measure-
or yield due to thermal stress are possible. We concludments of3,.

1. Thermal stress
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In addition to stress changes contributed &y(T)  served. Vacancy annihilation may not significantly con-
ando,(3y), several other mechanisms may be operativetribute to stress evolution in Hf at the annealing
particularly excess vacancy annihilation, void shrinkagetemperatur&>®
grain growth, and processes induced by solid-state amor- Hoffman has compiletf stress values in as-deposited
phization. All but the last will make about the same con-1000-A Ni films, corrected to the deposition temperature,
tribution in both diffusion couple and single-layer T,e, ranging from +0.26 to +0.8 GPa (corrected for the
elemental samples. The amorphization process may altéifference between the measurement temperature and the
the stress in the Ni layer since vacancies are injected intdeposition temperatures,,,s and Tg, respectively).
that layer as the Ni atoms enter the amorphous phas&ven for similar substrates and temperatures, there is
While there is an offset observed in the Ni phase betweenonsiderable scatter in the data. Stress relief is nearly
the curves of biaxial stress in single-layer elementacomplete after annealing for 15 min at 225*CThese
samples and diffusion couples, teeolutionis parallelin  results are consistent with the initial stresses and the
all cases for both Ni and Hf. For Ni, despite the offset,changes upon annealing we report for Ni. There are
which probably results from imperfect control of somefewer literature reports on stresses in Hf, but the as-
deposition variable, the parallel evolution indicates thatdeposited stress is expected to be close to that of the
vacancy injection during SSAR does not contribute to thechemically similar Zr. Under conditions similar to those
stress. One possible explanation of the absence of suchofithe present studyy = +0.7 GPa was measured by a
contribution is that yield or creep, possibly enhanced bycurvature-based method in as-deposited“Z3tress due
the vacancy injection, limits the stress in the Ni layer atto oxygen incorporation has been previously reported
T.nn (S€€ below). in several metals which, like Hf, have a high affinity

In Ni, the stress at the annealing temperatu(@,,,),  for oxygen>’
relaxes to small values [Fig. 2(a)]. The stress change ob- To summarize the stress effects in crystalline layers:
served at the longest anneal time is +0.30 + 0.06 GPanost-importantly, comparing single-layer elemental and
and the average changedtys,,) from its initial value is  diffusion couple samples shows that there are neither
—-0.15 + 0.09 GPa. Thus in Ni, solute incorporationsignificant contributions due to dissolution of metal
stresses are opposite in sign to the observed changes aaims nor of vacancy injection resulting from SSAR. In
other processes must dominate the stress relaxation both Ni and Hf layers, stress changes consistent with
T, In Hf, Observed stress changes also indicate stresglaxation atT,,,,are observed. In Ni layers, the contri-
relaxation aftT,., [Fig. 2(b)]. The average change i,  bution due tod,, is not dominant. While yield and/or
from its initial value is —0.29 = 0.05 GPa, and the aver-creep are possible, excess vacancy annihilation, grain
age change i (8,) is —0.17 =+ 0.03 GPa. Thus about growth, and void shrinkage are likely processes enabling
60% of the stress change in Hf is accounted for by thehe stress relaxation in Ni layers. In Hf layers, roughly
change irb,,. Note that these changes are independent 080% of the observed stress changes are accounted for by
SSAR. It is not surprising to see stress relief in Hf overthe increasind,,, probably caused by gaseous impurity
long times afT,,,since, T, {T, = 0.25 (T,, = melting incorporation. Comparison between the observed and ex-
temperature), and the stress evolution data of Ref. 5pected stress relaxation support our conclusion that un-
indicate significant relaxation occurs in 15 min at suchcertainties in stress evolution due to yield or relaxation
homologous temperatures in NiT,,> Ty, = depo-  during heatup or cooldown and at room temperature
sition temperature. are small.

Except for the single-layer elemental Ni sample,
which displays a constant offset, calculate(T ) in
the crystalline phases approach zero at the longest annéal
times. Thus, stress relaxation in the terminal phases oc- Estimates of the contribution by the amorphous phase
curs atT,,, on the time scale of tens of minutes in Ni to the average film stress will now be considered. First,
and hundreds of minutes in Hf. Some of the mecha<contributions of the crystalline phases, thermal expansion
nisms responsible for the observed stress changes aire the amorphous phase, and the volume change upon
discussed below. amorphization are evaluated. See above on the agreement

We now briefly discuss other mechanisms of post-between average stresses based on curvature and XRD
deposition stress evolution in the crystalline layer§gt, measurements (Sec. IV. A).

(see reviews by Hoffmari and Doerner and Nf¥). Pos- In Fig. 3, the contribution of the stresses in the crys-
sibly significant contributors include the annihilation of talline layers to the overall average stress is displayed.
excess vacancies trapped during deposition, grain bound-his contribution is first calculated using Eq. (2), the
ary void shrinkage, and grain growth (Ni only, based onstress data of Fig. 2, and RBS thickness information
our measured grain sizes, consistent with expectatfpns (Fig. 4). Then, if no yield or stress relaxation takes place
No significant recrystallization is expect¥dor ob-  during cooldownAc(T,,.,) gives the stress correction to

Amorphous phase stress contribution
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T.n» The band of closely spaced parallel lines in Fig. 3As apparent from the approximately linear plots of Fig. 4
indicates the possible range if thermal stresses in Ni onland expected in diffusion-limited reactions, the amor-
or both Ni and Hf crystalline layers partially relax or phous layer thickness is proportionaltt¢, andt —t' =
yield during cooldown or at room temperature. (It is un-k(x* — x'?). Under these conditions, the behavior of
likely that stresses would relax or yield in the more-x(t)a(t), the contribution of the amorphous phase to the
refractory Hf layers alone.) Recall that relaxation orobserved force per unit length, is qualitatively similar to
yielding during heating are not expected. Note that thehat observed in Fig. 3. Also, it can be shown numeri-
error due to incomplete knowledge of the behavior of thecally thatx(t)a(t) has a maximum ., = o~ *. Within
elemental phases during cooldown is likely to be similarthe resolution of our datd,,., = 30 min, yieldingn =
for all data points. The contribution to variation in the 8 x 10"*Pa s at 340 °C, reasonably consistent with val-
corresponding curve in Fig. 3 due to the decreasingies ofn = (2 — 8) x 10-* Pa s obtained by extrapolation
thickness of the elemental layers is smooth and relativelyo the same homologous temperature relative to the crys-
small. We conclude that the crystalline phases do notallization temperature for NEr; oo, X = 30 to 5062
account for the large observed curvature changes. The fact that the sample composition spans a wide range
The contribution of differential thermal expansion in is not expected to qualitatively affect this comparison.
the amorphous layer to the film average stress, measurddtom Figs. 3 and 4 and Eq. (4), we obtaig= 16 GPa.
at room temperature, has been estimated from mechanihile this value is very large and not consistent with
cal characteristics of similar materigfs> The contribu- oav, We note that it is on the order of the theoretical
tion of thermal stress in the amorphous layer to thestrength of 10 GPZ and that yield strengths are high in
overall average stress, used as a correction in Fig. 3iery thin layers because of the difficulty of nucleating
increases from its initial value of zero but remains small.shear bands. We do not currently have an explanation for
While amorphous phase thermal stress values suffer frortne high estimate of,.
the same uncertainty in magnitude due to possible yieﬁ) L
or relaxation as those of the crystalline phases, this un2- 'fadiation effects
certainty is very small and therefore does not introduce In addition to being annealed in parallel, one of a pair
additional uncertainty in the stress evolution. of diffusion couples was irradiated with energetic ions to
In epitaxial crystalline systems undergoing an interfa-monitor the effects of altering the stress state on diffu-
cial reaction to form a crystalline compound, the sign ofsion. As described above, care was taken to minimize
resulting stresses does not generally correlate with thether changes induced by irradiation and to maintain ad-
volume change upon reaction; rather the sign is deterequate controls. Despite the mild irradiation conditions,
mined by lattice mismatcP? However, this constraint control samples are essential to distinguish irradiation
may not apply to amorphous phase formation since &om annealing effects. The primary control sample was
lattice no longer exists in the reaction products. Assuman identical sample prepared and annealed together with
ing that atomic mobility is sufficient to attain nearly the the sample to be irradiated. The stress and reaction ex-
metastable equilibrium density, amorphization results irtent measurements (Figs. 3 and 4) show very good
a volume change\V,. If the biaxial stress in the present intersample reproducibility under these optimal condi-
case is due to this volume change under constraint by thigons. By using a nominally bare substrate as a control
substrate, a biaxial stress,,,, given by Eq. (3) with (see Sec. Il. A), we have determined that the observed
Oy = YAV,V, results. UsingAV,/V = -3.1% for the curvature changes in the diffusion couple after both ir-
similar Ni-Zr system* and above values for amorphous radiation and subsequent annealing were dominated by
phase properties givas,,, = +2.6 GPa in the amor- stress changes in the metal layers.
phous phase. : We have measured immediate radiation effects on
If the stress in the growing amorphous layer relaxes byoth stress and reaction extent. TRIM simulatfdris-
creep, its time-dependent contribution to the overalldicate an insignificant degree of ballistic mixing for the
stress may be analyzed as follows. In a small voluméon species, energy, and dose used; the low temperature
element at time after its formationo = o, exp(-«t),?®  carefully maintained during irradiation is also expected
whereay, is the initial stresspe = E/{6m(1 - v)}, and  to suppress radiation-enhanced diffustéThese expec-
m is the viscosity. The average stress in the amortations were confirmed by RBS depth-profiling both be-
phous layer which has grown to a thicknesat timet  fore and immediately after irradiation (Fig. 4, arrow). We
can be expressed by integrating over the contributions dadlso find that the irradiation did not affect the subsequent
all parts of the layer, as determined by their respectiveéeaction rate, which is noteworthy in light of the evident

aget — t' impact on stress.
) It is not a priori possible to state whether a given
—.n_ Y0 [t by dx(t’) irradiation will increase or decrease the stress or free
a(t) = exg-at-t)]——d’ . (4 . ,
X(t) Jo dt energy. Two competing effects are present: one is the
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introduction of defects and associated decrease in detion of at¥? growth law? In Ref. 4, the interdiffusion
sity, leading to a more compressive stress. The other isoefficient in a diffusion couple was reported Bs=
radiation-induced atomic mobility, expected to assist6 x 10 *°m?/s at 340 °C. Recalculation for these data, on
both stress relaxation and densification, thus lowering théhe basis of common-tangent compositions we have de-
total free energy. Given the low irradiation temperaturetermined? yieldsD = 2 x 10*° m?/s, in good agreement
and absence of radiation-enhanced diffusion, we suggestith 1.6 x 10'°m?s determined from Fig. 4. Discrep-
the following scenario. During irradiation, the film vol- ancies among reported common-tangent compositions
ume increased due to defect production, and a compregave been discussed elsewhere.
sive stress developed which was relieved by yield or For long SSAR reaction times in Ni—Hf or the similar
creep. Upon heatup, defect annihilation led to densificaNi—Zr system, Van Rossuhand others™ have reported
tion and therefore a stress more tensile than before irraa slowing in the reaction-rate law. In the work with
diation. This suggested mechanism is applicable to botheaction conditions most-comparable to the pre8ent,
crystalline and amorphous phases; in the latter, defecsome slowdown already becomes apparent after 0.5 h
are excess free volume. Any radiation-induced defectsf annealing and is pronounced after 1 h. While several
seem to be quickly eliminated upon annealing and do noproposals have been made in attempting to explain
impact the reaction rate; see Fig. 4. Note that the comthe rate law changes, no one proposal has yet proved
pressive stress due to volume increase must overcome teatirely satisfactory. It has been reported that Hf + Ni
0.36 and 0.12 GPa thermal stresses, respectively, in Niiffusion couples (Ni as the surface layer) react more
and amorphous alloy layers resulting from cooling toslowly or require higher temperatures to begin SSAR
80 K before the process we suggest can result in a moran Ni + Hf diffusion couples (Hf as surface layér).
tensile stress upon postirradiation return to room temperaFhe explanation given was contamination of the diffu-
ture. On the other hand, in the Hf layer, this process woulgion region by oxygen which diffused through Ni when
be slightly enhanced by the —0.06 GPa thermal stress #élhat element was on the surface. In contrast, a native
80 K. Our observations suggest that either irradiationoxide on the surface of Ni + Hf diffusion couples was
induced stress changes in the Ni layer are negligible osuggested to act as a barrier for further in-diffusion of
that such changes relax upon subsequent annealing. oxygen. In the present work, great care was taken to
In summary, relaxation of thermal stresses alone caravoid significant oxidation, and the reaction rate de-
not account for the stress changes in the metal film duerease at longer times was found to be less than that
to irradiation. We suggest that these changes are due weviously observed.The initially greater reaction rate
relaxation of thermal and defect-related stresses duringp the Hf + Ni versus the Ni + Hf diffusion couple is
irradiation, followed by defect annihilation upon heating. not likely significant since the samples evolve in pa-
The Ni layer does not contribute to these changes, antdhllel after the first 0.5 h. Thus, while oxygen contami-
the Hf layer accounts for about 40%, 0.18 GPaDIfs  nation may be a cause of previously-observed reaction
sensitive to the free volume in the amorphous alloy, anyslowing, it is likely to be significantly lower in the pre-
possible change in the free volume is annihilated in thesent work.
initial stages of annealing and has little impactDn That there may be some difference in adherence at the
The most important difference between the presensubstrate—Ni interface compared to the substrate—Hf in-
work and that of Aaen Andersest al®2is that slowing terface, and thus different degrees of relaxation, was con-
of the reaction at long times is not significant in the sidered. However, significant stress differences were not
present work. It is difficult to compare our results with observed with differing layer orders. Therefore, stresses
theirs since they do not report the irradiation temperaturen the amorphous layers are unlikely to depend on the
Further, the large radiation damage level we calculate folayer order, and the early-stage reaction-rate differences
their dose, 17 dpa, raises the possibility of other micro-are probably due to minor variations in deposition
structural changes besides structural relaxation. Whileonditions.
the interpretation presented in Refs. 6—8 explaining a In a recent study on crystalline Ni + amorphous
postirradiation enhancement in the SSAR rate remainblisZrs, multilayers, Karpeet al®® report 6/26 XRD
unproven, it is not inconsistent with the present work.measurements of SSAR rate and strain in the Ni layers.
Further work to demonstrate the effect of irradiation onValues ofD are reported to decrease both at longer an-
thermodynamics and kinetics in the amorphous phaseeal times and for shorter multilayer periods. We empha-
will be required. size here that the evolution of stress in one layer does not
directly provide information on a neighboring layer. The
stresses in individual layers can evolve essentially inde-
Since the early observations of SSAR in Ni—Hf by Van pendently, since the thick substrate balances the net force
Rossumet al.;* a diffusion-controlled reaction mecha- per unit length in the entire filfi® It is difficult to de-
nism at short times has been inferred from the observaermine stresses from the Ni strains reported in Ref. 65,

E. Diffusion kinetics
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since they are based on only a single Bragg peak in an leave at the University of Cambridge. Thanks to Tele-
single orientation; further measurements will be necesdyne Wah Chang Corp. for graciously supplying low-Zr
sary to determine the stress in the amorphous layers. high-purity hafnium and to Dr. C. Kalnas and Dr. L.
We now address the cause for the absence of a streBarfitt Kendig for providing cover slip substrates se-
effect on interdiffusion. A change in free energy of onelected for flatness. Samples were prepared, irradiated,
of the phases due to stress would shift the commonand analyzed by RBS at the Michigan lon Beam Labora-

tangent composition, providing a different boundary con-+to
dition for diffusion and affecting the diffusional flux. For

ry at the University of Michigan.
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