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Residual stresses in crystalline or glassy materials often play a key role in the performance of
advanced devices and components. However, stresses in amorphous materials cannot easily be
determined at the micron scale by diffraction, or by other conventional laboratory methods. In
this article, a technique for mapping residual stress profiles in amorphous materials with high
spatial definition is presented. By applying a focused ion beam (FIB)-based semidestructive
mechanical relaxation method, the stresses are mapped in a peened and fatigued bulk metallic
glass (BMQG) (ZrsoCuygAlyg at. pct). The residual stresses are inferred using finite element
analysis (FEA) of the surface relaxations, as measured by digital image correlation (DIC), that
occur when a microslot is micromachined by FIB. Further, we have shown that acceptable
accuracy can in most cases be achieved using a simple analytical model of the slot. It was found
that the fatigue cycling significantly changes the distribution of compressive residual stresses
with depth in the plastically deformed surface layer. Our observations point to the scalability of
this method to map residual stresses in volumes as small as 1 x 1 x 0.2 um?® or less.
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I. INTRODUCTION

BULK metallic glasses (BMGs)!"?! are attractive
materials for hi[%h-performance applications in a wide
variety of fields.”*! This is because their microstructures
give rise to, among other things, strens%ths approaching
theoretical limits, high hardness,” good fatigue
strengths,® a uniquely high capacity for elastic energy
storage per unit volume, low damping, and remarkable
fracture toughness, which distinguish them from other
engineering materials.!”! However, thermal residual
stresses are an unavoidable issuel® due to the fast cooling
rates needed to retain a glassy structure on cooling.
Furthermore, these residual stresses have been shown to
have significant effects on their mechanical behavior.”~'!!
Consequently, an accurate means of assessing residual
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stresses is essential not only for understanding how they
affect the mechanical behavior of BMGs, but also to
guide the tailoring of residual stress levels throu%h
subsequent processing treatments such as shot peening.!
Unfortunately, stresses in amorphous materials cannot
easily be determined at the micron scale by conventional
laboratory methods, either by destructive methods (too
coarse), or conventional X-ray diffraction analyses
(amorphous). As a result, stress measurements in metallic
glasses in general and those relating to peening, in
particular, are sparse.!

Residual stresses are those stresses that are retained
within a material when no external forces are acting.
Depending on their sign, magnitude, spatial distribution,
and the scale over which they equilibrate, residual stresses
can alter the component performance and promote/
inhibit failure processes.'”! As stated earlier, quench
stresses are an inevitable outcome of metallic glass
production, while thermal tempering is regularly used
to introduce a beneficial residual stress profile (compres-
sive surface residual stresses balanced by the midplane
tension) into silicate glasses!'” and BMGs.!">'® Favor-
able compressive residual stresses can also be generated
by introducing surface plastic deformation, for example,
by shot peening (bombarding the surface with small
“shot’’). This surface engineering process can enhance the
ductility of BMGs, depending on the load case.”) In
tension, the compressive residual stresses inhibit early
crack propagation, while in compression, the compres-
sive residual stresses can combine with pre-existing shear
bands in the surface layer to facilitate finer and more
uniform shear banding. Thus, the premature failure on a
few dominant shear bands is suppressed, and homoge-
neous plastic deformation can be sustained.”:!”? While
the surface stresses have a major effect on the fatigue
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resistance of metal alloys, BMGs experience only minor
enhancements.'®'®! To date, our understanding of the
influence of residual stresses on the fatigue behavior of
BMGs has been held back by a dearth of suitable
measurement techniques. The following methods have
been applied previously to measure residual stresses in
amorphous materials: (1) “hard” X-ray or neutron
scatterin[% methods,!”>" (2) the curvature-measurement
method,” and (3) the crack-compliance (incremental
slitting) method."® Although the amorphous X-ragf
scattering signature is typically broad, Poulsen et al.l"”!
used high-energy synchrotron X-ray scattering to mea-
sure the strain via the radial-distribution function,
describing mean atomic separations in an amorphous
material with a sensitivity of 107*. Very recently, the
method has been applied to peened layers in BMGs.!'?
Due to the complexity of the experimental setup and
subsequent analysis, the synchrotron diffraction method
is far from an everyday laboratory tool and is sensitive to
volume changes in the glass, as will be discussed later.
Although not as accurate or versatile as crystalline
diffraction methods,?'>?! curvature measurements® re-
main the dominant means of evaluating residual stress in
BMGs. When used to determine residual stress variations
with depth, such as for shot peening, the thickness of the
affected surface layer must be estimated because this
method is based upon a thin film model, and the
appropriateness of the assumption can have a significant
effect on the final results.!”) Curvature and crack-compli-
ance methods can be applied with good depth resolution
(~80 to 500 um) to evaluate the residual stresses averaged
over relatively large areas, typically areas having dimen-
sions in millimeters. Using high-resolution wafer curva-
ture techniques, stresses have been inferred at depths of
tens of nanometers; however, the residual stresses are
averaged across a large area (60,000 x 3000 ym?).!**
This article describes a new method for mapping the
spatial variation in residual stresses with high lateral and
depth resolution based on the combined imaging/milling
capabilities of a dual-beam focused ion beam (FIB)
microscope (FEI DualBeam xT Nova NanoLab 200).
This technique is based on the downscaling of the
mechanical slotting relaxation method, in which the
residual stresses released in the vicinity of a microscale
slot are inferred from the local relaxation displacements
as measured by digital image correlation (DIC) soft-
ware. Because of the characteristic milling capabilities of
the FIB, a wedge-shaped-slot geometry is obtained. By
milling an end trench, we have been able to measure the
shape and depth of the slot. We have compared the
stresses inferred using an analytical method that treats
the slot as an infinitely long and narrow crack>* with
that arising from a finite element (FE) model that uses
the measured slot geometry. Kang er al.*® and Sabaté
et alP® have previously used image correlation to
measure stresses on the top surface of a coating by
relaxation displacement measurements after FIB mill-
ing, but our method is the first to provide spatially
resolved residual stress data. The method is used to
determine the stresses in a surface severely plastically
deformed (S?PDP7) Zrs,CuypAly (at. pct) BMG system
after failure under four-point-bending fatigue. The
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influence of fatigue loading on the spatial resolution of
the residual stresses is also studied.

II. EXPERIMENTAL DESCRIPTION

A. Material Preparation

The material studied is a Zr-based ZrsoCuypAljq (at.
pct) BMG prepared by arc melting a mixture of pure
zirconium, copper, and aluminum melts (purity better
than 99.9 pct by weight) in an argon atmosphere. A tilt-
casting method was implemented to cast the alloy to its
final rod shape of 60 mm and diameter of 8 mm. The
rod sample was cut to a rectangular bar 3 x 3 x
25 mm® before polishing using 600-grit grinding paper.

B. S°PD Surface Treatment Process

Prior to fatigue testing, one side of the rod was
repeatedly bombarded by 20 WC/Co balls each having a
diameter of 1.6 mm using a Spex 8000 miller (SPEX
Industries, Inc., Scotch Plains, NJ) in a back-to-force
mode at a frequency of 60 Hz in an argon atmosphere.
The bombardment process lasted for 180 minutes,
pausing every 15 minutes. This S?PD process has a
much higher average impact energy than the conven-
tional shot-peening process, thereby generating a
severely deformed near-surface layer in the BMG at
room temperature.*”)

C. Fatigue Test

After the S*PD process, the fatigue behavior of the
peened BMG was studied under four-point-bending
fatigue (Figure 1(a)). The sample was exposed to a
maximum stress of 500 MPa on the top surface with a
load ratio (minimum load/maximum load) of 0.1. The
sample failed after 52,499 cycles.

D. Surface Contrast Enhancement for DIC

The reliability of the DIC analysis and the scalability
of the FIB-based slitting method strongly depend on the
size, distribution, and density of features on the spec-
imen surface.”® This was enhanced by decorating the
specimen surface with 20- to 30-nm yttria-stabilized
zirconia (YSZ)-equiaxed particles (~13 pct coverage)
precipitated from an ethanol suspension (Figure 1(b)).
An ultrasonic bath was used to break up large YSZ
particle conglomerates in the suspension prior to appli-
cation.

E. FIB Slotting Process

The aim was to monitor the distribution of residual
stresses along two “lines” (strictly narrow bands,
because the slots are slightly displaced laterally from
one another) running from the peened (top) surface into
the sample, as follows. (1) Line A lies in the region
unaffected by the fatigue test; this would be expected to
be representative of the as-peened surface. (2) Line B lies
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Fig. 1—BMG specimen: (a) general view showing test configuration and location of the regions under investigation; (b)) FEGSEM image show-
ing the positions of slots 4 through 6 from the bombarded surface along line B in Fig. 1(a); (¢) FEGSEM image showing the corresponding slots
2 and 3 from the peened surface (inset); edge E corresponds to the edge in Fig. 1(d); and (d) FEGSEM image showing the protruding micro-
structurally affected layer into which a (200 x 100 x 80-um?) trench was excavated to enable milling of slots 2 and 3, region B. Close-ups of slot

1 can be found in Figs. 2 and 3(a).

Table I. Slot Depths, z (um), for Lines Marked
in Figure 1(a)

Slot 1 2 3 4 5 6 7

Line A 0 165 240 290 375 680 930
Line B 0 105 160 250 310 460 870

between the fractured surface and an inner roller
(Figure 1(a)); this region has been exposed to the full
fatigue amplitude.

In order to map the stress distribution along each line,
a series of (40 x 4 x 0.8-um?) microslits was progres-
sively milled using a voltage of 30 kV and a current of
280 nA: for each line, one slot was milled on the peened
surface itself and a number of others were milled down
the side of the specimen at set depths below the
deformed surface (Figures 1(b) and (c)). In this manner,
the residual stress in the x direction could be analyzed as
a function of depth (z) (Figure 1(a)). The slot locations
are summarized in Table I. The experimental and
analysis procedures for slot 1 on line A are shown in
Figures 2 and 3(a), by way of example.
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Our FIB slitting method builds on the approach of
Kang ef al.” but after slotting, we milled an end
trench in order to monitor the depth and shape of each
FIB-processed slot (Figure 2). This modification is
important because it is not possible to excavate deep
microslots having perfectly rectangular walls, and the
predefined slot depth may vary substantially from the
intended depth. In this way, we were able to assess
whether an accurate model of the slot geometry is
necessary (Section H). A microstructurally evident
(affected) layer arising from the peening process is
clearly visible in Figures 1(b) and (c) and extends to a
depth of approximately 180 um. As is evident, this layer
protruded from the side of the bar and was not suitable
for slotting. Instead, a material volume of approxi-
mately 200 x 100 x 80 yum® was excavated by FIB
milling in order to present a suitable surface over this
region (Figure 1(d)).

F. Displacement Mapping by DIC
Surface displacements due to the stress relaxation

were measured for each microslot by DIC analysis. The
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displacement accuracy depends on the surface contrast
as well as the vector calculation parameters (VCPs) used
during the cross-correlation analysis, in this case
obtained using LaVision DaVis 7.2 software*. During

*LaVision DaVis is a trademark of LaVision GmbH, Goettingen,
Germany.

the analysis, images are divided into smaller subregions
(patches), which are individually correlated.”®!

Fig. 2—FEGSEM image showing the slot cross section (slot 1,
region A) as revealed by a subsequent observational trench exca-
vated at one end of the slot (depth a = 4.1 £ 0.09 um, width
w = 0.8 £ 0.06 um, and length / = 40 £ 0.06 um). The FEA model
of the slot is superimposed.

Before analyzing all the slotting experiments, the best
VCPs were determined from two field emission gun
scanning electron microscope (FEGSEM) images cap-
tured before the slotting by quantifying the accuracy of
the displacement field measurement du, in the green box
region shown in Figure 3(a). The accuracy of the
displacement field measurement is defined as

ouy = (Ly/My)k (1]

where L, is the micrograph size in micrometers in the
horizontal (x) direction, M, is the corresponding num-
ber of pixels in the x direction, and k is the subpixel
resolution, calculated as the standard deviation of the
displacement field over the mapped green box region.
The subpixel resolution is a major benchmark for the
precision of the displacement measurements.

The FEGSEM imaging conditions are summarized in
Table II. The image correlation parameters (VCPs) were
varied to optimize spatial and displacement resolution.
The results of the accuracy analysis of the displacement
measurement for the selected VCPs for slot 1 (line A) are
summarized in Table I1I. While the VCPs correspond-
ing to set C appear to have slightly better accuracy than
for set D, set D gives more vectors and is, statistically
speaking, likely to be more reliable. Thus, set D
represents a good compromise between the spatial
resolution and the strain resolution (64 x 64 pixels
and 75 pct patch overlap). In order to measure the
relaxation displacements associated with the FIB milling

Table II. FEGSEM Imaging Conditions

Voltage Current Image Size
V) (nA)  Magnification  Detector (Pixels)
8 0.48 3500 ETD (SE)* 1024 x 884

*Everhart Thornley (FEI DualBeam xT Nova NanoLab 600, FEI
Company, Hillsboro, OR) secondary electron detector.

- BMG: Zr_ Cu, Al | i
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Fig. 3—(a) FEGSEM image of slot 1 (line A), with measured displacement vectors superimposed (exaggerated 25 times); a = 4.1 um.
(b) u, displacements predicted for an in-plane uniaxial stress of —620 MPa (thick red line) compared to measured average displacements (circles).
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Table III. VCPs* Established for Region of Interest Marked in Figure 3(a) for Slot 1 (Line A)
Patch Overlap Number Global Number Accuracy k (in Eq. [1])
VCP Set Size (Pixels?) (Pct) of Passes of Vectors** (nm) (Pixels)
A 32 x 32 25 3 799 (105) 1.1 0.030
B 32 x 32 50 3 1798 (230) 1.0 0.028
C 64 x 64 50 3 488 (55) 0.5 0.013
D 64 x 64 75 3 1820 (230) 0.6 0.015

*Multipass iteration technique with constant size of the subregions is used.
**Number of vectors analyzed within the rectangular boxes (in Fig. 3(a)) is given in brackets.

of each microslot, images were collected before and after
milling for each slot and were analyzed by DIC using the
optimized VCPs.

G. Analysis of Measured Displacements to Recover
Stress

For an infinitely long, narrow slot, the displacements
are given by a closed form solution (the Inglis—Mus-
khelishvili solution):™

2.243 / coso( 1+ sin” 0
= —O—‘C b errEmm———
E " o 2(1 =) 2]
x (1.12 4+ 0.18-sech(tan 0))da

Ux

where 0 = arctan (x/a), a is the slot depth x is the
distance from the slot, £/ = E/(1 — v?), v is the Pois-
son’s ratio, and o, is the residual stress. From this, it can
be seen that the displacements normal to the crack faces
along the x direction are not affected by the stress g,
(actmg parallel to the crack).”® In our case, the sample
1s represented by a linear-elastic-isotropic material:

=954 5GPa and v = 0.37.5% The results of the
analytlcal solution are presented in Figures 4(a) and (b)
for a uniaxial stress field and an equibiaxial stress field
of —1 GPa, respectively.
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Because FIB milling does not produce ideal straight-
sided infinitely long slots, finite element analysis (FEA)
has been used to evaluate the extent to which this simple
analytical approach is sufficient for real slots. A series of
models have been compared, namely, a square-bot-
tomed infinite slot (two-dimensional (2-D) square slot),
an infinite wedge-shaped slot (2-D wedge slot), and a
finite-length slot (three-dimensional (3-D) wedge slot).
The wedge profile and the depth of the slot a were
determined subsequent to slotting by milling an end
trench (Figure 2). The results for all these simulations
are displayed in Figures 4(a) and (b) for a uniaxial stress
of —1 GPa and an equibiaxial stress of —1 GPa based
on the geometry for slot 1 (line A).

All the different models show a high degree of
agreement. The x displacements (along y = 0) for the
FE model of a square-bottomed slot is underestimated
(~10 pct) for x/a >3 and overestimated by approxi-
mately 10 pct for x/a <2 by the dl’ldlythdl model, in
agreement with the findings of Kang e al.*"! For a slot
with triangular sides, the analytical model provides an
even better description (as one might expect, given that
this is more crack-like) lying within ~1.5 pct (overesti-
mated) to the analytical predictions for x/a = 1 to 5.
Closer to the slot (x/a <1), the analytical model
overestimates the displacement (discrepancy of ~5 pct).

100 ——r—r"—T"1"—"T""T""T""T" T T T T T
1FEA by -1 GPa —— Analytical crack
80 4 + 3D wedge-shape slot; -
] uniaxial stress
60 — 3D wedge-shape slot; |
g | equi-biaxial stress
40

4 _ﬁ o Slot 1
20 \ J |

0

-20 4
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Horizontal displacement, U_(nm)

-80 .
—_—

BMG: Zr, Cu_ Al
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-?Ja 54-3-2-10123456?
Distance from the slot x/a
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Fig. 4—Results of FEA and analytical solution (Eq. [2]) for a square-bottomed infinite slit, for the U, displacement and a = 4.1 um for (a) ref-
erence compressive uniaxial and (b) equibiaxial stress field of —1 GPa for slot 1 (line A) in Fig. 1(a).
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Of course, the most realistic case is the more complex 3-
D analysis for a finite-length wedge-shaped slot (slot 1,
line A). In this case, the analytic model overestimates the
displacements by approximately 7.5 pct regardless of the
distance from the slot. This means that use of the
analytical form rather than the actual slot would lead to
an underestimation of the stress by approximately
7.5 pct, because the displacement for a given stress is
overestimated. In view of other errors associated with
the measurement technique, this discrepancy is probably
in itself not sufficient to require FEA modeling of each
slot, although end milling is required to measure the slot
depth. However, one should bear in mind that this
underestimation is compounded by the fact the line
y = 01is the line of maximum displacement and so if the
displacement is averaged over a region over + y, then
this underestimation of the stress will be compounded.
Consequently, for shorter slots, the 3-D FE model
should be used.

Figures 5(a) and (b) present the results of the 3-D
FEA simulations of a slot introduced into material
under the compressive uniaxial and equibiaxial stress of
—1 GPa. As suggested by the displacement plots in
Figure 4, it confirms that the level of ¢, has a minimal
effect on the slot-opening stress o, local to the crack.
Consequently, the crack-opening displacements give a
good measure of the stress o, irrespective of the strength
of o,. In order to measure the other component, a
second slot would be needed perpendicular to the first.
In our case, the geometry of the peen/fatigue stress field
is such that this was not necessary.

As mentioned previously, in order to reduce the
experimental scatter in measuring u,, the displacements
within the rectangular boxes shown on either side of the

Fig. 5—Results of 3-D FEA simulations of slot 1 introduced into
material that experiences (¢) compressive uniaxial and (b) equibiaxial
stress field of —1 GPa. Both figures shows cross section in the mid-
dle of the slot and surface contour plots of stress component o,.
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slit (—3.5 yum < y < 3.5 ym) in Figure 3(a) are averaged
to provide a single value of u,. It can be seen from
Figure 5 that the stress field and, hence, the displace-
ment field is uniform with position along the crack
direction over the evaluation patch (—3.5um <y <
3.5 um). In principle, it would be possible to compare
full-field displacement maps with the FE predictions in
order to extract the full in-plane stress field. However,
given the complexity of such an analysis, the insensitiv-
ity of the u, displacements to ¢, and our primary interest
in the stress normal to the slit o, the current approach is
considered sufficient.

H. Inferring the Residual Stress

In order to determine the stress from the measured
displacements, the measured average displacements u, at
each measurement location on either side of the slot x/a
are plotted against the displacements expected for a —1-
GPa uniaxial stress U, calculated earlier (in our case,
using the 2-D wedge-slot FEA shown in Figure 4) and a
line of best fit plotted (Figure 6). Assuming totally
elastic accommodation, the gradient of the best-fit line m
is equal to the best-fit stress in GPa. We only analyze
displacements within a certain region (defined by the
green box in Figure 3(a)), because the displacements are
too small further from the slot (x/a > 4) and because
redeposition of excavated material can give rise to errors
closer to the slot (x/a < 0.8).

With respect to the effect of the FIB milling process,
problems associated with ion implantation in materials
are well documented, e.g., Reference 32. The spread and
penetration range depends on the target, dopants,
acceleration voltage, incident angle, ezc. Nevertheless,

40 + BMG: Zr, Cu, Al )|
E 30+ T
= 1
3° 20+ il
'6 1
0]
5 107 u/U=-620 +/- 30 MPa il
§ 1
2 0
€
& -10-+ i
g ]
g 07 I
% 1 Results
8 -30 + Linear fit Il
t Upper 95% Prediction Limit
404+ 00 e Lower 95% Prediction Limit 7
| I . L 4 1 + | 4 - + }
+ T + T + T t T

-60 -40 -20 0 20 40 60
Displacement FEA by -1GPa, U_(nm)

Fig. 6—Residual stress analysis for a slot of geometry corresponding
to slot 1, (line A) showing measured averaged displacements, u,, for
both sides plotted against the corresponding displacements, U,, pre-
dicted for a —1-GPa stress obtained for 2-D FE model with a trian-
gular slot. Error bars show the root-mean-square values for DIC
results at x, whereas horizontal error bars show the bounds for the
FEA results. The best-fit gradient is 0.620 £ 0.030.
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the Ga" ion implantation/damaged zone typically
extends to a depth of the order ~15 nm at low-incidence
angles gl<5 deg)®¥ or up to ~50 nm for normal inci-
dence.’*3%! There are a few publications that consider
the effect of ion implantation on the residual stress using
cantilever techniques, e.g., References 36 through 38.
However, systematic studies are lacking. Residual
stresses induced locally by FIB exposure have been used
to fold (folding angle 0 to 180 deg) submicron-sized
cantilevers/membranes (170-nm thick).?” However, in
that case, the ion irradiation volume was of the same
order of magnitude as the target, creating a significant
residual stress level. By contrast, a series of experiments
performed on thicker cantilevers (3 um) revealed that
the effect of ion implantation on the residual stress fields
is negligible (presumably due to the very shallow depth),
lying within the uncertainty level for stress profiling
using the microcantilever method.®® In our case, the
material volume in the vicinity of the slots is a few
orders of magnitude smaller than material in which
stresses are relaxed and the displacements measured
and, therefore, it is likely that the effect of ion doping on
the residual stress fields is negligible. The effect of
redeposition has been included by taking the actual slot
geometry, but if the redeposited material were signifi-
cantly stressed, this might affect the measured stresses.
However, we have not found significant stresses for slots
in regions in which lower stress is to be expected,
suggesting that this effect is not significant in our case.

As shown in Figure 6, the compressive residual stress
in the x direction as determined by the right- and left-
hand displacements for slot 1 (line A) is —620 +
30 MPa. It can be seen from Figure 3(b) that the
displacements for slot 1 correspond quite well to those
predicted for a —620-MPa in-plane stress (2-D FE
model with triangular slot).

II. RESULTS

By repeating the analysis for each slot milled along
the lines A and B, the profiles of the local residual
stresses with depth (z) from the S°PD-treated surface
were inferred and are presented in Figure 7.

The measured stress field along line A (expected to be
unaffected by the fatigue test, because it lies outside the
outermost rollers) peaks at approximately —670 MPa at
a depth of approximately 160 um, with the compressive
stresses decreasing significantly at depths greater than
300 um. High compressive stresses (stress component
o,) are observed predominantly within the microstruc-
turally affected layer (Figure 1(c)).

The residual stress distribution in the region subjected
to the highest tensile fatigue amplitude (line B) is also
shown. The compressive stresses within the microstruc-
turally affected peened layer are significantly reduced
by approximately 75 pct to value approximately —170
MPa. Immediately beneath the microstructurally affected
peened layer (at a depth of approximately 250 um), the
stresses are reduced by approximately 15 pct during the
fatigue test. At depths beyond 300 um, the compressive
stresses are small for both depth profiles, with the
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Fig. 7—Inferred local residual in-plane stress (g,) profiles along lines
A and B in Fig. 1(a) as a function of depth from the deformed sur-
face (bottom) and the hardness values obtained from Ref. 27 (top).

fatigue-affected region slightly lower than the as-peened
material.

IV. DISCUSSION

The measured stress field in the region of the specimen
unaffected by the fatigue test is characteristic of shot-
peening profiles (for example, References 9 and 12). The
peak compressive residual stress introduced by the S?’PD
surface treatment process is located within the micro-
structurally affected layer at approximately a 180-um
depth (Figure 7), although it appears to vary little across
this region. The form of our stress profile is in good
agreement with Mear et al.' who analyzed as-peened
Zrs5TisAlyoCuygNijg BMG (at. pct) using an analysis of
diffuse synchrotron X-ray scattering, the microstructur-
ally evident depth being, in their case, approximately
160 um. Further, they found that the stresses extended
to a depth of approximately 270 um, in close agreement
with our findings (~300 um). They reported that in the
microstructurally evident surface region, the effective
strains suggest a plastic-strain-induced volume change
of the order of 1 pct, meaning that in this region, the
atomic spacing cannot be interpreted simply in terms of
stress without serious error. This stress-free change in
the atom spacing severely complicates the interpretation
of the X-ray scattering method near the surface. Instead,
in their case, the near-surface stresses must be inferred
from the profile below the microstructurally evident
depth. It is noteworthy that despite the differences
between our approaches, we have arrived at similar
conclusions. In our case, the peen stresses are sijgniﬁ-
cantly below the bulk yield stress of 1.86 GPa;*"" this
may in part be due to the near-surface softening caused
by the peening action (Figure 7).*”)
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It is clear that the residual stress profile in the as-
peened state correlates with the hardness profile also
shown in Figure 7, measured previously,”?” namely, that
the hardness and the compressive residual stress increase
to a depth of approximately 150 um, and then decrease
toward the value representative of the substrate at
greater depths. Raghavan er all'” and Steif er al”
report strain softening in the very-near-surface region
(~30 pum), also seen here. In the absence of dislocations,
work hardening is difficult. Consequently, it is believed
that the hardness variations with depth are related
primarily to the residual stresses. Indeed, a correlation
between the hardness and residual stress has been
reported in other systems.” ' For example, Chen
et al"™ found that the nominal hardness of a BMG
specimen is strongly dependent on the residual stress
state, i.e., the hardness decreases with a tensile residual
stress but increases with a compressive residual stress. In
crystalline materials, this relation has been used to
characterize the residual stress by indentation test-
ing [4041]

During the fatigue testing, the peened surface expe-
riences cyclic tensile loading, attaining a peak load of
500 MPa. The influence of the fatigue process on the
residual stress distribution is clearly evident. Compres-
sive residual stresses (stress component o,) are consid-
erably reduced by approximately 75 pct within the
microstructurally affected layer. The peening process
clearly introduces beneficial compressive residual stres-
ses in metallic glass to a depth of approximately 300 um.
At the same time, peening introduces severe plastic
deformation with multiple fine shear bands and often
microcrack regions (Figure 8), which are nuclei for
residual stress-relaxation processes and subsequent frac-
ture events during fatigue. It should be pointed out that
this study considers only the in-line residual stress
component ¢, parallel to the loading axis.

8kV |0.48n

Fig. & —FEGSEM image showing microstructurally affected layer
with multiple fine shear bands.
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It was observed that in the peened layer, residual
shear stresses exist. Thus, to sufficiently understand the
influence peening and fatigue processes on residual
stress distribution in BMGs, it is essential to analyze
more components of residual stress with reference to the
distribution and orientation of fine shear bands.

V. CONCLUSIONS

In summary, this article has presented a new method
for mapping the residual stress of amorphous materials
as a function of position at the micron scale. The
potential applications of this technique include the
measurements of the residual stresses of amorphous
thin films, micromachined components and devices,
nanostructured materials, efc. Although applicable to
crystalline materials, for amorphous materials, the
microslotting method has few competitors, being espe-
cially useful for characterizing the near-surface residual
stress in which hole drilling is difficult to perform!** or
in which a high depth or lateral spatial resolution is
required.

It is recommended to verify the actual dimensions of
the slot for the following two reasons: (1) the actual
depth of the slot needs to be accurately known and (2)
the shape of the slot becomes important when its length
is short.

Through FE modeling, we found that the simpler
infinite-wedge-slot model was within 3.5 pct of the more
representative 3-D wedge-shaped-slot model, and that
the analytical model was good to within 7.5 pct.
Consequently, simple models can be used in most cases,
except for very short or shallow slots. The modeling has
shown that the stresses ¢, and ¢, are negligibly coupled
for elastic deformations so that the stress o, can be
measured without having to consider o,.

It is insightful to compare this current study to the
measurement of stresses in a similar BMG by X-ray
scattering.!'?’ As a mechanical method, in contrast to X-
ray scattering methods, it is not particularly sensitive to
local atomic volume changes caused by the plastic work.
Meer et all'"? demonstrated that in the plastic (micro-
structurally affected) zone (160 um), large changes in
atomic spacing (~1 pct) were observed that were not
macrostress related (this equates to an ~800-MPa stress
error), ruling out the possibility of using this method to
measure the stress in the plastic zone. While our method
is sensitive to changes in modulus, these changes are
estimated to be of the order of a few percent. Overall,
our mechanical measurements are consistent with the
results of Mear ef al.,''? both those measured in the
elastic region and those inferred in the microstructurally
affected zone. In the present S°PD BMG case, the
severely plastically deformed layer is confined to within
180 um of the surface but has considerable influence on
the overall mechanical properties of the component. Our
method provides a simple and cost-effective way of
mapping the residual stress profile. Compared with the
curvature measurement of the layer removal method,
the slotting method is much easier to apply to near-
surface treatments, and the measurement accuracy is
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shown to be ~30 MPa, even for such a stiff BMG
material.

The S?PD surface treatment process introduced ben-
eficial compressive residual stresses within the micro-
structurally affected layer. Stresses reached a peak of
approximately —670 MPa toward the boundary of the
microstructurally affected zone (z = 160 um) and the
elastically restraining parent, with the compressive
stresses decreasing significantly at depths greater than
300 um.

The fatigue process considerably reduced compressive
residual stresses within the microstructurally affected
layer by a factor of approximately 3.5. In this article, we
have focused on one component of the stress field (¢,);
while in principle it would be possible to extend this
method to a full-field in-plane analysis, other methods
may be more appropriate for such a task. In a
forthcoming article, we describe a new microhole-
drilling method™?! better suited to this purpose.
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