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Abstract 

Flexural fatigue tests at surface strain amplitudes 
of +_0.0012 were conducted on polycrystalline 
nickel to determine the effect of ion beam surface 
modifications of the Ni/Al system on fatigue crack 
initiation. An  Ni-  75at. %Al surface region 1000 
thick was produced by evaporating alternate layers 
of nickel and aluminum followed by ion beam 
mixing with 3 MeV Ni 2+ ions to a fluence of 
1×10::' ions cm -2. A two-phase 7-7' surface 
structure was produced through implantation of 
350 keV Al  + ions to a fluence of 5× 1017 ions 
cm : into the nickel specimens at 723 K. Nickel 
specimens that were self-implanted with 350 keV 
Ni + ions to a fluence of 1 × 101° ions cm - e were 
also analyzed. 

The addition of aluminum to the surface 
resulted in an increase in surface hardness and 
suppression of surface slip band features. The 
nickel self-implantation increased surface hardness 
but had very little effect on surface slip feature sup- 
pression. Transgranular crack initiation was seen 
in unmodified and self-implanted specimens, and 
intergranular crack initiation was prevalent in alu- 
minum micro-alloyed specimens. 

1. Introduction 

During low-cycle fatigue of f.c.c, metals such as 
nickel and copper, regions of localized strain are 
formed. These regions have been termed persist- 
ent slip bands (PSBs)[1] due to the fact that when 
the bands are removed from the surface by 
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electropolishing, subsequent cycling results in the 
slip bands reforming at the same places. Intru- 
sions and extrusions form where PSBs intersect 
the surface and act as initiation sites for fatigue 
cracks [1, 2]. Since this localization of plastic 
strain exerts a deleterious effect on fatigue resist- 
ance, a reduction in the amount of plastic strain at 
the surface or a homogenization of the surface 
plastic strain would be expected to impede the 
accumulation of surface fatigue damage. 

Ion beam surface modification has been shown 
to be an effective technique to produce "micro- 
alloyed" surfaces that possess properties that 
enhance the fatigue resistance of metals. A brief 
summary of research that has been conducted on 
the fatigue response of ion-beam-modified metals 
can be found in ref. 3. In most of these studies, the 
mechanisms cited for improving fatigue resist- 
ance were strain homogenization and increased 
slip reversibility produced by reducing the stack- 
ing fault energy of the surface [4, 5]; reducing sur- 
face plastic strain by increasing the yield strength 
of the surface layer [6, 7]; and the formation of 
compressive residual stresses on the surface [6]. 

The objective of the present work was to 
determine the effects that ion microalloys of the 
Ni/A1 system have on fatigue crack initiation in 
polycrystalline nickel. This system was selected 
because it forms the basis for many superalloys 
used in high-temperature applications. Further- 
more, prior research on this system by Grummon 
et al. [7] provided a fundamental insight on the 
influence of Ni-AI surface microalloys on the 
precursors of fatigue crack initiation. The effect 
of nickel self-implantation was also investigated 
to separate the contributions to fatigue resistance 
due to ion-induced lattice damage and aluminum 
micro-alloying. 
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2. Experimental procedures 

2. I. Specimen preparation 
Cantilever beam fatigue specimens (design 

similar to ASTM D-671) were fabricated from an 
Ni-200 (99.0% Ni) sheet 1 mm thick. The gauge 
section was tapered to produce a constant surface 
stress over the gauge section area of 1.95 cm 2. 
Specimens were mechanically polished through 
600 grit SiC paper and then annealed in an 
Ar-3%H2 atmosphere for 4 h at 1073 K. This 
heat treatment produced a grain size with an 
average linear intercept of 70 /~m. The gauge 
sections were then electropolished in a solution 
of 20% perchloric acid and ethanol at 230 K. In 
order to ensure identical thicknesses, all speci- 
mens were electropolished until a thickness of 
0.94 mm was attained. 

2.2. Ion beam surface modifications 
The first type of modification, formation of an 

Ni-75at.%A1 surface, was accomplished by ion 
beam mixing Ni-A1 multilayers. Three nickel and 
two aluminum layers were alternately electron- 
beam-evaporated onto the nickel specimens pro- 
ducing an overall composition of Ni-75%A1 in 
the deposited region which was 1000 A thick. Ion 
beam mixing of the layers was accomplished at 
room temperature using 3 MeV Ni 2 + ions gener- 
ated in a 1.7 MV tandem ion accelerator. The 
specimens were irradiated to a fluence of 1 x 1016 
ions cm- 2. 

The second type of modification was elevated- 
temperature implantation of aluminum into 
nickel. The specimens were irradiated with 350 
keV AI + ions to a fluence of 5 x 1017 ions cm-2 
in a 400 kV Varian ion implanter. The ion beam 
current density of about 3 ~A cm -2 was suffi- 
cient to maintain the temperature of the speci- 
mens at 723 K during implantation. 

The third type of modification consisted of 
self-implantation of the nickel specimens with 
350 keV Ni + ions to a dose of 1 x 1016 ions 
cm -2. Ion beam heating resulted in a specimen 
temperature of about 500 K during implantation. 

The modifications were applied to both sides 
of the fatigue specimens. In addition, the modifica- 
tions (with the exception of the nickel self- 
implantation) were made on nickel disks 3 mm in 
diameter for subsequent Rutherford backscatter- 
ing spectrometry (RBS) and transmission electron 
microscopy (TEM) analyses. The disks were 
thinned for TEM analysis by first protecting the 

modified surface with a coating of protective 
lacquer and then back-thinning from the unmodi- 
fied side using the same electrolyte as was used 
for electropolishing. Several fatigue specimens 
that were cycled to failure were also prepared 
for TEM analysis using this same back-thinning 
procedure. 

2.3. Fatigue testing 
Flexural fatigue testing was accomplished on a 

cantilever beam testing apparatus at a frequency 
of 30 Hz. Strain gauges were applied to the gauge 
section of one specimen and the maximum bend- 
ing deflection was adjusted to produce a total 
strain of _+ 0.0012 at the surface. The fatigue tests 
were continued until specimen failure with 
periodic interruptions to extract acetate replicas 
from the gauge sections. The replicas were 
shadowed with Au-40%Pd at an angle of 30 ° and 
analyzed using optical microscopy to determine 
the evolution of surface fatigue damage. Surface 
PSB length L A per unit area was computed from 
the replicas by counting the number NL of PSB 
intersections per unit length of test line using the 
relationship [8] 

L A= N c x/2  

3. Results and discussion 

3.1. Characterization of modified surfaces 
Ion beam mixing of the Ni-A1 multilayers pro- 

duced an amorphous structure similar to previous 
findings [9, 10]. RBS analysis of the unmixed lay- 
ers verified the overall composition of the de- 
posited region as Ni-75%AI, and an RBS 
spectrum obtained after ion beam mixing indi- 
cated complete mixing of the nickel and alumi- 
num layers. The total thickness of the amorphous 
layer was 1000 A. The TEM micrograph in Fig. 
1 shows a featureless microstructure and the 
accompanying diffraction pattern shows the dif- 
fuse rings which are characteristic of an amor- 
phous structure. 

Elevated temperature implantation of alumi- 
num into nickel resulted in the microstructure 
pictured in Fig. 2(a). Figure 2(b) shows the corre- 
sponding diffraction pattern from this micro- 
structure. Superlattice reflections corresponding 
to {110} planes are readily apparent, indicating 
the presence of the ;/-phase in the implanted 
region. This microstructure is similar to that 
reported by Ahmed and Potter [11] for elevated 
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Fig. 1. Bright-field TEM micrograph showing amorphous 
structure resulting from room-temperature ion beam mixing 
of Ni-A1 multilayers on nickel with 3 MeV Ni 2+ to a fluence 
of 1 x 10 ~6 ions cm-2. The inset shows the diffraction pattern 
from the area imaged. 

temperature  implantation of a luminum into nickel 
under  conditions similar to those used in this 
study. They  found that the implanted region con- 
tained y '  as well as numerous  dislocation loops 
and other complex dislocation networks.  

Although not directly investigated in this study, 
prior  work [12] indicated that self-implantation 
produced point defects such as vacancies and 
interstitials which coalesced to form complex dis- 
location loop structures on { 111 } planes. 

3.2. Evolution of surface persistent slip band 
structures 

The  effects of the surface modifications on the 
evolution of surface PSB features are shown in 
Fig. 3. Self-implantation of nickel p roduced  a 
slightly lower value of L A than the unmodified 
specimen. Micro-alloying the nickel surface with 
aluminum, whether  by ion beam mixing de- 
posited aluminum layers or  direct a luminum 
implantation, significantly reduced the accumula-  

Fig. 2. (a) Bright field TEM micrograph of microstructure 
observed at the surface on nickel specimens implanted with 
350 keV AI + to a fluence of 5 × 10 ~7 ions cm 2 at 723 K. (b) 
Corresponding diffraction pattern, B = [2331, of area shown 
in (a). Superlattice spots indicate the presence of 7'. 

tion of PSB surface damage. T h e  ion-beam-mixed 
N i - 7 5 % A I  modification reduced L A by a factor 
of five, and the e levated- temperature  a luminum 
implantation almost completely eliminated the 
format ion of surface PSB features. Optical  micro- 
graphs of the fatigue specimens depicting typical 
surface damage  are shown in Fig. 4. It is impor-  
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tant to note that only slip bands that penetrated 
the surface layer were analyzed in this study. 
Other research [13] indicates that even though 
slip band features do not penetrate the surface, 
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Fig. 3. Effect of surface modification on the evolution of 
surface slip band features. Slip band length L A per unit area 
was measured on replicas extracted from fatigue specimens 
at various intervals during the test. 

PSBs are still active just below the modified sur- 
face layer. 

These results agree with those of Grummon et 
al. [14] who concluded that the increased elastic 
limit of the micro-alloyed Ni-A1 surface region 
was primarily responsible for inhibiting the pene- 
tration of PSBs to the surface. They attributed the 
increased elastic limit to an increase in the yield 
strength by solid solution and precipitate 
strengthening and a decrease in the elastic modu- 
lus of the surface region. 

TEM analysis of the aluminum-implanted and 
unmodified specimens after fatigue failure indi- 
cated distinctly different deformation mechan- 
isms operating in the near-surface regions. Figure 
5(a) shows the surface structure of the aluminum- 
implanted specimen. The structure appears simi- 
lar to that observed prior to fatigue testing (see 
Fig. 2). The dislocation structure at the surface of 
the unmodified specimen (Fig. 5(b)) indicates the 

Fig. 4. Optical micrographs of fatigue specimens showing fatigue damage in (a) unmodified nickel specimen after 1 580 000 
cycles, (b) 350 keV Ni + self-implanted specimen after 1 230000 cycles, (c) ion-beam-mixed Ni-75%AI specimen after 
1 080 000 cycles and (d) 350 keV Al+-implanted specimen after 1 780 000 cycles. 



Fig. 5. Bright-field TEM micrographs showing the surface 
structure in (a) 350 keV Al+-implanted specimen after 
1780000 cycles, and (b) unmodified specimen after 
1580000 cycles. For both micrographs B=[ ] I2 ]  and 
g = 111 (shown with arrow). 

typical dislocation cell structure that is expected 
in fatigued f.c.c, metals [2]. 

Ion implantation produced a significant 
increase in surface hardness. Results of nano- 
indentation hardness tests are shown in Fig. 6. In 
this figure, hardness values are normalized to the 
unmodified specimen, i.e. normalized hardness 
H n is the hardness of the surface modified speci- 
men divided by the hardness of the unmodified 
specimen. The ion-beam-mixed Ni-75%A1 sur- 
face more than doubled the near-surface hard- 
ness and the aluminum implantation and nickel 
self-implantation produced a smaller hardness 
increase. The fact that the self-implantation and 
aluminum implantation produced a similar hard- 
ness increase indicated that a significant portion 
of the hardness increase was due to lattice defects 
produced during the implantation process. The 
higher hardness in the ion-beam-mixed Ni- 
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Fig. 6. Hardness-depth profiles of the near surface regions 
of ion-beam-modified nickel. Normalized hardness H, is the 
hardness of the modified specimen divided by the hardness 
of the unmodified specimen at the same depth. 

75%A1 specimen was probably due to the higher 
implantation energy (3 MeV vs. 350 keV) and the 
amorphous structure of the near-surface region. 

These results indicate that surface hardness 
may not be a dominant factor in the suppression 
of surface PSB features. The nickel self-implanta- 
tion produced a significant increase in surface 
hardness but very little suppression of PSB 
features. It is possible that the lattice defect struc- 
ture induced by self-implantation is transformed 
to a more stable state by dislocation interactions 
generated during fatigue cycling, while the hard- 
ening effect of aluminum (through solid solution 
and precipitate hardening) is able to maintain its 
strengthening character and resist the emergence 
of mobile dislocations from the interior to the 
surface, thus inhibiting the appearance of surface 
PSB features. Detailed TEM studies of the near- 
surface regions of fatigued and unfatigued speci- 
mens are being conducted to clarify this issue. 

3.3. Fatigue crack initiation and growth 
Micrographs depicting early stages of fatigue 

crack initiation are shown in Fig. 7. The self- 
implanted and unmodified specimens formed 
microcracks along slip bands after only 10000 
cycles. Figure 7(a) is an optical micrograph of a 
replica of the self-implanted specimen taken after 
10000 cycles that shows a crack initiating at a 
PSB that traverses the entire grain. In self- 
implanted and unmodified specimens, cracks 
preferentially formed at narrow PSBs rather than 
at the wider bands and propagated across the 
width of the specimens primarily by a linking of 
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TABLE 1 Cycles to failure 

Surface condition Cycles to failure 

Unmodified 1 580 000 
Nickel self-implantation 1 230 000 
Ion-beam-mixed Ni-75%A1 1 080 000 
Aluminum implanted 1 780 000 

Fig. 7. Optical micrographs of surface replicas showing 
typical crack initiation modes in (a) 350 keV Ni + self- 
implanted specimen after 10 000 cycles, (b) ion-beam-mixed 
Ni-75%AI specimen after 500 000 cycles and (c) 350 keV 
AI +-implanted specimen ~ifter 500 000 cycles. 

slip band cracks with occasional linking occurring 
along grain boundaries. 

Crack initiation was significantly delayed in 
both types of specimens that were micro-alloyed 
with aluminum. In the ion-beam-mixed Ni-75%A1 

and aluminum-implanted specimens, fatigue 
cracks were first detected in the replicas taken 
after 500000 cycles. Figure 7(b) shows the 
intergranular crack initiation mode in the speci- 
men with the ion-beam-mixed Ni-75%A1 surface 
modification. In this specimen, crack propagation 
occurred primarily along grain boundaries. In the 
aluminum-implanted specimen, cracks initiated 
primarily at grain boundaries, although a signifi- 
cant amount of slip band crack initiation was also 
observed. Transgranular and intergranular crack 
propagation was evident in the aluminum- 
implanted specimen. 

The change in crack initiation mode from 
PSBs to grain boundaries has been observed in 
other studies [15-18]. The shift to intergranular 
crack initiation was usually accompanied by sig- 
nificant suppression of PSB penetration to the 
surface. This observation led Hohmuth et al. [15] 
to propose that compatibility stresses generated 
at grain boundaries are reduced by slip band for- 
mation. Blocking the penetration of these slip 
bands to the surface results in higher compati- 
bility stresses which promote intergranular crack- 
ing. Another possible explanation is based on the 
observation that intergranular cracks can initiate 
where PSBs impinge on the grain boundary [19]. 
Suppressing the penetration of PSBs to the sur- 
face may cause the impingement stresses to 
increase and result in a greater susceptibility for 
intergranular crack initiation. 

Although crack initiation was delayed in speci- 
mens that were surface micro-alloyed with alumi- 
num, no consistent effect on fatigue life was 
observed. Cycles to failure for the different 
surface conditions are given in Table 1. 

The small number of specimens tested and the 
fact that some specimens initiated cracks at the 
edges prevented meaningful determination of the 
influence of ion micro-alloying on fatigue life. 

4. Conclusions 

The results of the study indicated that micro- 
alloying the surfaces of nickel fatigue specimens 



with aluminum by ion beam mixing evaporated 
nickel and aluminum multilayers or elevated- 
temperature aluminum implantation increased 
surface hardness and significantly inhibited the 
formation of surface PSB features. In addition, 
the aluminum caused a shift in crack initiation 
mode from transgranular to intergranular. Lattice 
defects induced during the implantation process 
increased the surface hardness but did not sup- 
press the formation of surface PSB features. 
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