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Abstract This paper reports a new technique, namely the
incremental micro-hole-drilling method (IpHD) for map-
ping in-plane residual or applied stresses incrementally
as a function of depth at the micron-scale laterally and
the sub-micron scale depth-wise. Analogous to its
macroscale counterpart, it is applicable either to crystal-
line or amorphous materials, but at the sub-micron scale.
Our method involves micro-hole milling using the
focused ion beam (FIB) of a dual beam FEGSEM/FIB
microscope. The resulting surface displacements are
recorded by digital image correlation of SEM images
recorded during milling. The displacement fields
recorded around the hole are used to reconstruct the
stress profile as a function of depth. In this way residual
stresses have been characterized around a drilled hole of
1.8microns. diameter, enabling the profiling of the stress
variation at the sub-micron scale to a depth of 1.8 microns.
The new method is used to determine the near surface stresses
in a (peened) surface-severe-plastically-deformed (S°PD)
ZrsoCuypAlyo (in atomic percent, at.%) bulk metallic glass
bar. In plane principal stresses of -800 MPa + 90 MPa and
—600 MPa + 90 MPa were measured, the maximum
compressive stress being oriented 15° to the axis of the bar.
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Introduction

Residual stresses arise in most materials as a consequence
of processing and/or in-service loading. Depending on their
sign, magnitude, spatial distribution, and the scale over
which they equilibrate, residual stresses can alter the
mechanical and functional performance [1]. Consequently
their quantification is of great importance across many
sectors. Whilst there exists a plethora of techniques for
measuring stress at the macroscale, few techniques allow
micron scale evaluation, either laterally or with depth,
especially for amorphous materials.

In theory, destructive and semi-destructive techniques
based on mechanical relaxation phenomena, such as slitting
[2, 3], hole/core drilling [4—11] and curvature methods [12]
can be scaled down and applied to smaller structures [13—
25] than those to which they have traditionally been
applied. The advent of dual beam focused ion beam—field
emission gun scanning electron microscopes (FIB-FEG-
SEM) has, in combination with digital image correlation
(DIC) analysis, made it possible to make very fine excisions
and to record the resulting displacements with high precision,
usually in the nanometre range. Recently, this has led to a
number of micro-scale analogues of the mechanical stress
measurement methods. For example, 0.28 um deep 10x%
0.2 um slots have been used to measure the stresses in an
amorphous diamond-like carbon coating [14], while stresses
have been mapped at the micron scale in bulk metallic
glasses using an array of such slots [20]. This method
provides a measure of the stress normal to the slot averaged
over the slot depth. Depth profiling has been achieved by
monitoring beam deflection of micro-cantilevers as they are
progressively milled [25]. However, for stress mapping it
requires excavation of large micro-cantilevers (length of
100 um or more). Essentially both methods are based on 1-D
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analyses, allowing only a single component of stress to be
determined, with lateral spatial resolutions of many tens of
microns. Other examples show that atomic force microscopy
(AFM) in combination with DIC is capable of surface
displacement field measurement in the nanometre range.
This measurement method together with the microscopic
through-hole method has been successfully applied to assess
stresses and elastic properties of polycrystalline silicon micro
electro-mechanical system (MEMS) devices [19].

A FIB microscope is capable of milling holes having
diameters of tens of nanometers. Consequently, if the
displacement measurement technique can be improved,
further improvements in the miniaturization of the tech-
nique may be possible. The reliability of displacement/
strain analysis of DIC-based measurement techniques when
applied to FIB-based micro-hole milling depends strongly
on the surface contrast. Since digital image correlation
software compares gray-scale maps/patches, it is preferable
that the digital images are characterized by random, high
contrast features [26, 27]. At the macro-scale this can be
achieved by polishing, etching, painting, etc. [28]. However
at the micron-scale either the FIB can be used to apply
markers (both ion and electron beam assisted deposition of
metals e.g. Pt, W, Fe, Co, Au), or other surface decoration
methods can be applied [20, 29, 30].

We demonstrate a new experimental technique, namely
the incremental micro-hole-drilling method (IpHD), for
local measurement of in-depth profiles of principal residual-
stresses applicable to crystalline and amorphous materials.
Our incremental method is similar to the micro-hole drilling
method proposed by Vogel et al. [31], but can provide stress
as a function of depth. It combines FIB micro-hole milling
with two-dimensional (2-D) finite-element analysis (FEA)
based on the hole geometry to model the resulting
relaxation displacements on the specimen surface, as
determined by DIC analysis. Compared to stress measure-
ment by slotting or micro-cantilevers it has the advantages
that a) holes can be very compact providing excellent
lateral spatial resolution, b) small holes are relatively
straightforward to drill, ¢) it provides the full in-plane
stress tensor and d) it can provide good depth resolution.
The challenge however is to measure the associated surface
displacements which are much smaller than for the above
techniques. Our approach adapts the Unit Pulse Method
(UPM) [4, 5] combined with a Tikhonov regularization
scheme [32, 33] and uses full-field radial displacement data
for each hole-depth increment, from which the associated
residual-stress profile is inferred. In this manner the method
is appropriate for the estimation of highly non-uniform
residual stress distributions and allows for stable residual-
stress solution even when the small increments of depth are
selected near to, or far from, the material surface. The
incremental micro-hole drilling method is used to estimate
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the residual-stresses profiles in a surface-severe-plastically-
deformed bulk metallic glass (BMG) system to a depth
resolution of ~200 nm and a lateral resolution of around
10 um based on a 4 um micro-hole.

Materials and Methods
Sample Preparation

The Zr-based ZrsoCuyoAlyy (atm%) BMG was prepared
by arc-melting a mixture of pure zirconium, copper, and
aluminum melts (purity better then 99.9% 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 of 3x3x25mm’ and, then, polished using the 600-grit
grinding paper.

Subsequently, one side of the specimen was repeatedly
bombarded in an argon atmosphere with twenty WC/Co
balls, each having a diameter of 1.6 mm, using a Spex 8000
miller in a back-to-force mode with a frequency of 60 Hz.
The bombardment process lasted for 180 minutes pausing
every 15 minutes. This surface-severe-plastic-deformation
(S?PD) process has a much higher average impact energy
than the shot-peening process, thereby generating a
severely-deformed near-surface layer of thickness about
180 um in the BMG at room temperature, constrained by
an elastically deformed region immediately below this. The
near-surface layer which is about 30—40 pum thick with an
effective plastic deformation of about 10%-30%, contains a
uniform distribution of sub-micron size shear bands (see
[34] and references cited there). The near surface stress
variation has been previously determined by micro-slotting and
is similar to that characteristic of shot-peening profiles [20].
The peak compressive residual-stress is located within the
microstructurally-affected layer at a depth of around 160 pum.

To enhance the accuracy of the DIC analysis, the specimen
surface was decorated with 20-30 nm yttria-stabilized-zirconia
(YSZ) equi-axed particles precipitated from an ethanol
suspension (see Fig. 1), where the surface coverage is about
10%. To minimize any surface charging effects and to
‘protect’ the surface from Ga' implantation, the surface of
the specimen was coated with a 22 nm thick carbon film using
a Gatan PECS 682 etching-coating system equipped with a
Gatan 681.20000 Thickness Meter. This decoration technique
allowed us to work at magnifications of 10,000x in FEGSEM
mode viewing a surface area of tens of square microns [30].

Experimental Procedure

The two requirements for accurate DIC measurements of
surface deformations are the presence of a fine and high-
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Fig. 1 (colour online) FEGSEM image of the microhole of diameter
d=4.0+0.07 um and depth, z=1.8+0.07 pum; the surface has been
decorated with YSZ nano-particles and then carbon coated

contrast surface texture, and the use of large correlation
patch sizes [28, 35]. However, the imaging conditions used,
namely voltage, current, dwell time, detection of secondary
electrons (SE’) or back-scattered electrons (BE"), secondary
ions (SI"), digital image resolution, etc., are also important
[36, 37].

A series of FEGSEM imaging trials was performed to
identify the optimal imaging conditions for DIC analysis.
The control parameter chosen for minimization was the
uncertainty of the DIC displacement (standard deviation of
the displacement (SD,) mapped over the whole imaging
area (here 1015 data points). It was found that an electron
beam (e-beam) acceleration voltage of 5 kV, with beam
current 0.40 nA, and detection of secondary electrons gives
good contrast images with negligible charging of the
sample surface. Subsequently, a range of e-beam dwell
times (D;) (D; of 1 us, 3 ps, 10 us and 30 ps) and image
acquisition conditions (image integration over 1, 4, 8 and
16 frames) were analyzed. All images were acquired after
an auto-brightness/auto-contrast procedure. It was found
that an e-beam dwell time of 3 pus and an integration over
8 frames (total image acquisition time = 21.7 s) gave the
lowest SD,, (~0.0147 pixel) for DIC patches of 64x64
pixels overlapped by 75%.

An inherent feature of the FIB-milling process is
material redeposition such that the milled walls are not
perfectly rectangular, especially when milling deep holes or
narrow slits. To limit such effects, the FIB-milled hole
should be shallow. A diameter to depth ratio less than one is
well matched to the inherent limitations associated with
hole-milling experiments, whereby the magnitude of the

surface relaxations plateau as the contributions of stresses
released at greater depths decline rapidly with the hole
depth. In order to map the stress profile in a severely
plastically peen deformed BMG, we have introduced a
micro-hole of 2 um radius to a depth of 1.8 um (see Fig. 1)
in 10 depth increments. This was achieved using a focused
Ga' ion beam of 0.28 nA accelerated by an electric field of
30 kV. The hole-irradiation process was done at a 52°
angle, where the sample surface is normal to the ion column
axis.

The surface displacements due to the stress relaxations
were mapped by cross-correlation from the FEGSEM
images (these are of much higher quality and do little
beam damage compared to lon Beam images) at each
increment using DIC software (LaVision DaVis 7.2) [see
Fig. 2(a)]. Each image was taken after tilting the sample
stage to the 0° position. The first FEGSEM image was
taken for the imaged region without the hole, and was used
as the reference image for the cross-correlation analysis.
The DIC patches (64x64 pixels overlapped by 75%)
covered the whole imaged area apart from the micro-hole
and its immediate vicinity (within 0.7 pwm), where some
excavated material is redeposited. This area experiences the
largest surface displacements, however the sputtered mate-
rial significantly alters the surface contrast [see Fig. 2(a)]
making DIC analysis unreliable there. Since the amplitude
of the surface displacements decline rapidly from the hole
edge, only the region for which the signal-to-noise ratio is
larger then 5 is taken into consideration. Accordingly, the
analyzed region is bounded by inner and outer radii r;=
2.78 um (ry/r;=0.7) and r,=4.75 um (ry/r,=0.4) as shown
in Fig. 2(b) where the maximum principal strains in radial
directions are mapped. It is evident from the surface
displacements [Fig. 2(c), (d)] that the state of in-plane
compressive stress (since the displacements tend to close
the hole) in the vicinity of the micro-hole is non-uniform
and varies harmonically around the hole. The largest
compressive stress acts approximately along the sample
(x direction). Subsequently we show how these mapped
displacements can be converted into stress profiles.

Stress Reconstruction Method

The analytical solution for the stress—strain state of a
cylindrical hole in an isotropic material, where the stresses
oy, or and angle ¢ are the unknowns, was given by
Muskhelishvili, who used the potential function of the
complex method [38]. Following an argument in [6], the
three unknowns (o, o, and o,,) can be determined from
equation (1) using three values of the relieved displace-
ments (U, Uy and Up), each measured between two
points, which are determined at the intersection of a circle
of radius 7 > ry and a line crossing the centre of the hole,
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Fig. 2 (colour online) Digital image correlation analysis results for the final increment, z=1.8+0.07 um: (a) 2-D displacement vector field
(vectors are exaggerated by X 15); (b) 2-D map of the maximum principal strains; (c) radial displacements, u,, vs. angle, ¢, measured at distance
r¢/r=0.5; (d) radial displacements, u,, vs. hole depth, z, measured at distance ry/#=0.5 and angles, ¢=0°, 45°, 90° and 135°

where the three lines are positioned at =0°, 45° and 90°
[see Fig. 2(b)].

Digital image correlation data allows us to measure up to
several hundred data points, therefore the calculation can be
repeated for a number of radial (ry7=0.6, 0.5 and 0.45) and
angular (0° < 0 + ¢ < 180°, Ap=5°) positions. Thus relieved
displacements can be expressed compactly in matrix form in
terms of radial and angular coordinates, as follows

Ui(r,9) A(r)  B(r) 0[P
gﬁ,((rr’ﬁ) - jé'r; —I(E)?(r) ZB(S) 7| = Weol=emim
(1)
P =0.(6) +0,(6), 0= 1(6) — 03(9), and )
T =21,,(¢)

where Uy =2u ™, Uy 220", Uy =2u(" 0.

Stresses 0(¢), 0y,(¢) and 7,,(¢) are calculated in local
rectangular coordinates rotated ¢ degrees in the anti-
clockwise direction (see Fig. 1). Coefficients 4 and B are
the cumulative stress relaxation functions (CRFs) (for equi-
biaxial and pure shear states of stress) either obtained by
FEA,' or from an experiment where a micro-hole is ion-
milled into material with known residual stresses. Separate
finite element calculations are required for the coefficients
A and B for various combinations of hole depth and stress
location.

A superposition argument [5] allowed us to calculate
the calibration coefficients in a linear-elastic-isotropic?
material (E=95+GPa, and v=0.37 [39]) directly using
loadings where the reference residual stresses, for which

! Abaqus 6.8 package was used.
2 As a metallic glass the assumption of isotropy at this length-scale is
easily justified.
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associated deformations have simple trigonometric forms,?
are applied with opposite sign to the curved surface of the
micro-hole [6]. The remaining surfaces of the FE models
were unstressed. Our FE model was assembled using 8-
node (quadratic approximation function) square-shape
axisymmetric elements where the size of elements in the
vicinity* of the hole was 1/30th the hole diameter, see
Fig. 3.

In order to make the coefficients independent of the hole
diameter and the elastic constants, it is useful to convert the
CRFs into dimensionless cumulative stress relaxation
functions (DCRFs);

(1) =~ (). () = () (3)

The DCRFs A(r) and B(r) are tabulated in the Appendix
for a number of radial locations (ry7=0.6, 0.5 and 0.45).
Fig. 4 shows a graphical representation of the DCRFs for the
hole radius ry/r=0.50. Both functions are well-behaved over
the range plotted, indeed no singularities exist over the
practical range of hole depths. In practice, the hole depth
should be equal or smaller than the hole radius [5]. For larger
hole depths the residual stress solution is ill-conditioned,
resulting in large uncertainties in the stress estimates. Both
functions have a shape similar to those in [5].

In general, each micro-hole-drilling measurement will
comprise an irregularly spaced series of hole depth incre-
ments. The DCRFs corresponding to these specific hole
depths may be determined by interpolating within the set of
values found by the finite-element analyses and tabulated in
the Appendix most easily by using the bivariate interpola-
tion scheme, as described there. Adjustments for small
changes in the hole radius can be made, since the DCRFs
for given normalized hole-depth and stress position are very
nearly proportional to the square of the hole radius (see
details in [5]).

Equations in matrix form (1) are solved simultaneously
for the residual stresses. By transforming the measured
stresses into the global coordinates:

Oy cos’¢ sin’¢ —2singcosd | [ o,.(9)
oy | = sin’¢ cos’¢ 2 sin ¢ cos ¢ oy(9)
Ty singcos¢ —singcosd cos’p — sin’g | | Tn(9)

(4)

we can estimate the three unknown stresses (o, 0, and 7,,)
from the mean stresses (EX, [ ?xy) acting in the directions

3 Asymmetric zeroth-harmonic radial displacement (for coefficient Z)
and symmetric second-harmonic radial and circumferential displace-
ment (for coefficient B).

4 The vicinity of the hole is equal 6x the hole diameter in radial and
hole depth directions.

x and y (see Fig. 1). We can extend the methodology
presented above to reconstruct the residual-stress depth
profiles using the Unit Pulse Method [4, 5]. Equation (1)
relates the measured displacements, U, to the equivalent
uniform in-plane residual stress in the first depth-increment.
Generalizing to k& depth-increments we obtain

Kz [P0
(1) ap bll 0 0 0 0 0 0 0
Uy Q(l)
ar 0 Zb]] 0 0 0 0 0 0
U(l) M
1 ary 7b]1 0 0 0 0 0 0 O
UI(Z) as bz] 0 an b22 0 0 0 0 P<2)
Uy @i 0 2by an 0 2by 000 ||o®
U T lan —bn 0 an —bn 0 0 00 T
'U[(,.) ar by 0 ap by 0 - apby 0 || p0
@ ai 0 2by ap 0 2bp -+ az 0 2b; Q(i)
U”_ L il —ba 0 ap —bp 0 i —bi 0| 70
LU | L7 ]
(5)
in compact form
U(l) @11 0 0 0 H(l)
ue ©n 62 0 0 e 0 _ oW [
- sUY e n
: : : .0 :
U(’) ®i1 ®i2 e @,‘,’ H(’)

where, to be concise we omitted the 7,¢ dependencies, e.g.
u? represents U(r,0). U? is a vector of the displacements
measured by DIC when the hole-depth is %;; H(’)is a vector
of the uniform stress terms P”, 07, TV acting in stress
layer AH;, lying between depths H,; and Hj; and ©(#;
AH)) is a matrix of the incremental calibration functions
(ICFs) relating the relieved displacements to the uniform
stress terms acting at depth /; when the hole depth equals
h;. Following arguments in [5] and if we know the CRFs
obtained from FEA, the ICFs can be determined easily for
any number and size of hole-depth increments by simple
subtractions. We can obtain the desired solution of the
stress variation with depth by inverting equation (6). We
obtained a tentative solution (the linear operator equations)
to equation (6) using pseudo-inversion. The three unknown
stresses (o, 0, and 7,,) for each hole-increment can then be
estimated by the mean stresses (0, 0, and 7,,) acting in
the directions x and y using similar relationships to
equations (2) and (4).

Regularisation
In practice measured data are a convolution of measurement

noise and the ‘true’ values. The pseudo-inversion algorithm
yields stable residual stress solutions if the coefficients of
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Fig. 3 Axisymmetric FE model
for a hole of depth equal to the

hole radius. (a) meshing details
in the vicinity of a hole, (b)
meshed FE model

axis of revolution

the ICFs matrix are of the same order of magnitude.
However, the incremental micron-hole milling processes
expressed in mathematical terms using pulse functions
produces relatively small matrix entries in the diagonal
bands of the ICFs matrix. Thus, the linear operator
equations for a large number of increments become
numerically ill-conditioned leading to unstable solutions,
giving large oscillations of the residual stress solution with
depth. These problems can be suppressed by careful
selection of the hole-depths at which the residual stresses
are calculated, which usually lead to in-depth stress profiles
inferred using a reduced number of data points [40, 41].
Alternatively in order to overcome the numerical ill-
conditioning, the linear operator equations can be mathe-
matically modified to stabilize the residual stress solution
and to reduce the amplification of noise. These equations
are usually modified using variants of the well-known
Tikhonov regularization method [32, 42—45]. This method
states the problem of minimizing the square of the
Euclidean norm of the residuals of the residual stress
solution according to chosen strategy (a priori or a
posteriori) of selecting the regularization parameter, «.
Since a priori methods require the definition of an
additional unknown smoothness parameter, v, [43] we used
an a posteriori selection criteria following [33]. Within the
adopted regularization scheme we select the regularization
parameter, o, based on an estimate J..(r) of the measure-
ment noise in the measured data U"). The parameter o was
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chosen in such way that the Euclidean norm of regularized
solution discrepancy is equal the discrepancy level in the
measured data, J, in our case the discrepancy in displacement
measurement. Since the displacements are mapped at several
radial positions ((:)z(‘;> (r)r9/r=0.6, 0.5 and 0.45), thus the
following procedure is repeated for each radial position:

(i) Estimate the error norm J..(r) of the measured
displacement vector U.’(r), which is given by
Sest(r)= H le)d + Ui;)g(r)H Here, f]&)d is the random
error vector obtained by replacing each element in
U@ (r) by appropriate random error value from Table 1,
and U‘E;)S is the systematic error vector obtained by
taking the appropriate percentage value from Table 1 of
each element in U (r). The elements of vector o' (r)
are calculated as follows using an average value of four
angular positions ¢=0, 45, 90 and 135°. The random
error is calculated as the standard deviation of DIC
displacement of the evaluated sets of 1015 x and y
displacements. Whereas the systematic error is the
scatter in displacement measurement using different
patch sizes and different patch overlap (OV): 32x32
pixels OV by 25%, 64x64 pixels OV by 25%, 64%64
pixels OV by 50%, 64 x64 pixels OV by 75%; which in
this case is + 4% of the measured value.

(i) Calculate the least-squares solution discrepancy ¢, for
the non-bounded problem for each radial position
using &o(r) = H@E;)f{(’) —lﬂ”H.
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Fig. 4 (colour online) Graphical representation of the dimensionless
cumulative stress relaxation functions for the hole radius ro/r=0.50:
(a) A(h,H) and (b) B(h,H); (c) shows the corresponding hole depth,
h, and stress depth, H

(iii) Solve for the regularized solution ﬁfp Iterate by varying
the regularization parameter o using a bisection algo-
rithm, until H @g)ﬁék) -U 07’ = 6(r). The discrepancy
in displacement measurement after regularization, (r), is
determined from equation (7) following from [33], thus
5(r) = {50(}’) +0.2560(r) exp(AS(r)/0.255(r)), AS(r) < 0

Sest (1) +0.2560(r), A5(r) >0 where
AS(r) = 8ext(r) — 80(r)

(7)

Table 1 Estimated DIC analysis accuracy

Component Random error Systematic error

Uy 0.36 nm (0.0147 pixel) +4% of measured value

The discrepancy in the measured displacements, the least-
squares solution discrepancy and the discrepancy in displace-
ment measurement after regularization for different radial
locations (ry#=0.6, 0.5 and 0.45), for 10 and 5 depth
increments are shown in Table 2.

Uncertainty in Stress Determination

For the IuHD method, uncertainties have five main sources:

(a) displacement measurement errors, which include DIC
calculation errors, material redeposition and additional
residual stresses induced by Ga' ions implantation;

(b) hole depth measurement errors, which include non-
flatness of the bottom of the hole;

(c) hole diameter measurement errors, which include
tapering of the hole and deviation from roundness;

(d) incorrect material constants;

(e) hole eccentricity, which includes possible focused ion
beam drifts.

Note that the sources of type (a) are independent of the
stresses that are present. Whereas the sources of uncertain-
ties (b)—(e) are proportional to the residual stresses and
affect the ICFs matrix, (:)g). In this study, following the
argument in [40], we include only the sources (a) where the
strain perturbations, e.g. [§U?] (the random error and the
systematic error) result in calculated residual stress pertur-
bation, e.g. [81I,"]. Thus, the mean standard deviation (for
ro/r=0.6, 0.5 and 0.45) in the uncertainty of inferred stress
is calculated from following equation

G {[C N

The standard deviation for regularized stresses, P T11), is
calculated similarly. In this study the stress calculation
uncertainty is quoted as £1.64 standard deviations (90%
probability bounds). Equation (8) quantifies the propaga-
tion of uncertainties with the distance from the surface.
Physically, following the St. Venant’s principle, it demon-

Table 2 The discrepancy of the measurement for different radial
locations and depth increments

degt [nm] 8o [nm] b [nm]

rr 06 05 045 06 05 045 06 05 045
10* 238 1.64 109 1.62 0.64 041 278 1.8 1.19
5° 1.05 055 040 043 0.10 022 1.16 048 023

#number of increments
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Fig. 5 (colour online) Inferred in-plane residual stresses profiles (o, 0, and Ty,) as a function of depth from the deformed surface for a depth
resolution (increment) of 180 nm. In (a) the solid lines indicate for the regularised solutions and the dashed lines the unregularised ones, in (b) the
90% probability bounds for o, are indicated (black—regularised and red-unregularised)

strates diminishing efficiency of hole drilling based stress
estimation methods to evaluate stresses deep below the
surface.

It was shown previously that the UPM can reconstruct
highly non-uniform stresses [4, 5]. However, the estimates
do not adequately fit the original stress profiles (giving
step-shaped inferred stress profiles), thus an additional
source of error potentially exists, namely ‘the unit pulse
model uncertainty’. Generally, the unit pulse model error is
disproportionate to the number of hole-depth increments.
Indeed a similar concept of ‘model error’ was introduced
by Prime & Hill [46] for the series expansion method. It
was shown that the uncertainties of measured data and the
model uncertainties are two major sources of uncertainties
of the stress calculations [46].
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Results

Figure 5(a) shows the back-calculated unregularized and
regularised in-plane residual stress components as a
function of depth from the deformed surface using a depth
increment (resolution) of 180 nm. The corresponding
estimates for a depth resolution of 360 nm are shown in
Fig. 6(a). In each case the 90% uncertainty bounds are
shown for o, only (those for other stress components are of
the same order of magnitude and are thus omitted in the
figures for the sake of clarity). It is clear from Figs. 5 and 6
that the difference between the best estimates of the stress
profiles is relatively small between the regularised and
unregularised schemes, but that there is a much larger
variation between the uncertainty bounds. For the unreg-
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Fig. 6 (colour online) Inferred in-plane residual stresses profiles (o,, o, and 7,,) as a function of depth from the deformed surface for a depth
resolution (increment) of 360 nm) where 7,,, is larger about 30 MPa for unregularized results. In (a) the solid lines indicate for the regularised
solutions and the dashed lines the unregularised ones, in (b) the 90% probability bounds for o, are indicated (black—regularised and red-unregularised)
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ularised case, except for the first increment the bounds
become unacceptably wide.

The compressive residual stress component o, in the
longitudinal direction of the sample appears to be some
30% higher than the stress component o, in the transverse
direction. There is some evidence of shear stresses
(~120 MPa) such that the principal stresses lie at around
15° to the specimen length.

The recorded longitudinal stress (o) average to a value
around —800 MPa+90 MPa (90% bounds) over the
evaluation depth (1.8 wm) and compares to =650 MPa =+
50 MPa (90% bounds) measured along the sample
(x-direction) over a depth of 4.1 um obtained using a FIB
microslotting method [20], and to 920 MPa + 230 MPa
(90% bounds) in [21] obtained by the down-scaled rosette
method averaged over a depth of 2 um.

Discussion

As expected, unregularized schemes yield unstable (oscil-
lating) solutions with the uncertainty bounds becoming
increasingly wider with increasing depth (Figs. 5 and 6).
Note that contrary to other work [40], the uncertainty
propagation analyses considers the more severe case where

the displacement measurement errors are not all equal.
Therefore, the bounds widen sharply especially for the
unregularised case with depth and the smaller increments.
Mathematically, this behavior reflects the distribution of the
coefficients in the matrix ICFs, where the diagonal entries
are of an order of magnitude smaller then others. Since our
method calculates the average values of the stress compo-
nents the oscillations in results are not pronounced for
larger numbers of depth increments (Fig. 5). On the
contrary, the down-scaled rosette method in [21] for the
unregularized scheme gives high amplitude oscillations in
the estimates for the same number of depth increments.
Furthermore, the bounds are more then 3 times further apart
than for the current studies.

By reducing of the depth resolution from 180 nm to
360 nm we obtained more accurate results, since the entries
in the ICFs matrix are computationally less troublesome
and the propagated errors are much smaller [Fig. 6(b) vs.
Fig. 5(b)]. In other words, a lower depth resolution yields
less uncertainty in the residual stress estimates.

With a regularized scheme, the oscillations in stress
estimates and the uncertainty bounds became much closer
together (more then 2.5 times smaller then the unregular-
ized stress estimates) being of the same order of magnitude
for all depth increments. Mathematically, the regularization

Table 3 The dimensionless cumulative stress relaxation functions 4(/z, H) for different radial locations

h\H_0.05 0.10 0.15 0.20 0.30 0.35 0.40 0.45 0.50
0.05[ -0.0145 R

0.10| -0.0188 -0.0344 A(h, H) for r/r=0.45
0.15| -0.0219 -0.0407 -0.0583

0.20| -0.0244 -0.0457 -0.0664 -0.0847

0.25| -0.0264 -0.0497 -0.0728 -0.0939 -0.1098

0.30| -0.0280 -0.0529 -0.0777 -0.1010 -0.1195 -0.1364

0.35| -0.0293 -0.0553 -0.0816 -0.1064 -0.1268 -0.1463 -0.1617

0.40| -0.0303 -0.0573 -0.0847 -0.1107 -0.1324 -0.1536 -0.1714 -0.1868

0.45( -0.0312 -0.0590 -0.0873 -0.1142 -0.1368 -0.1593 -0.1785 -0.1964 -0.2092

0.50| -0.0321 -0.0607 -0.0897 -0.1174 -0.1409 -0.1643 -0.1846 -0.2028 -0.2202 -0.2362
h\H 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
0.05| -0.0215 N

0.10| -0.0278 -0.0528 A(h, H) for r/r=10.50
0.15| -0.0329 -0.0633 -0.0900

0.20( -0.0370 -0.0716 -0.1031 -0.1273

0.25| -0.0403 -0.0781 -0.1132 -0.1417 -0.1662

0.30| -0.0429 -0.0832 -0.1210 -0.1526 -0.1811 -0.2031

0.35| -0.0449 -0.0871 -0.1269 -0.1606 -0.1920 -0.2177 -0.2399

0.40| -0.0466 -0.0902 -0.1314 -0.1667 -0.2000 -0.2284 -0.2537 -0.2726

0.45| -0.0480 -0.0929 -0.1352 -0.1715 -0.2063 -0.2363 -0.2634 -0.2856 -0.3009

0.50{ -0.0494 -0.0953 -0.1387 -0.1760 -0.2119 -0.2427 -0.2717 -0.2938 -0.3155 -0.3324
h\\H_ 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
0.05| -0.0337 -

0.10( -0.0430 -0.0809 A(h, H) for r/r=10.60
0.15] -0.0509 -0.0972 -0.1367

0.20| -0.0571 -0.1097 -0.1563 -0.1904

0.25( -0.0617 -0.1191 -0.1710 -0.2113 -0.2428

0.30( -0.0651 -0.1260 -0.1816 -0.2265 -0.2634 -0.2906

0.35( -0.0677 -0.1311 -0.1892 -0.2373 -0.2777 -0.3097 -0.3335

0.40| -0.0695 -0.1348 -0.1948 -0.2450 -0.2878 -0.3228 -0.3507 -0.3706

0.45| -0.0710 -0.1379 -0.1993 -0.2511 -0.2955 -0.3322 -0.3625 -0.3861 -0.4025

0.50( -0.0724 -0.1409 -0.2037 -0.2570 -0.3025 -0.3402 -0.3723 -0.3953 -0.4195 -0.4338
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Table 4 The dimensionless cumulative stress relaxation functions INB(h,H ) for different radial locations

ANUH 005 010 015 020 025 030 035 040 045 _ 0.50
0.05] -0.0266 ~

0.10| -0.0345 -0.0650 B(h, H) for r/r=0.45

0.15| -0.0402 -0.0768 -0.1080

0.20| -0.0448 -0.0862 -0.1231 -0.1529

0.25| -0.0485 -0.0937 -0.1351 -0.1700 -0.2026

0.30| -0.0514 -0.0997 -0.1444 -0.1833 -0.2207 -0.2493

0.35 -0.0537 -0.1044 -0.1518 -0.1935 -0.2343 -0.2676 -0.3009

0.40| -0.0556 -0.1082 -0.1577 -0.2015 -0.2446 -0.2813 -0.3188 -0.3460

0.45| -0.0572 -0.1115 -0.1627 -0.2082 -0.2530 -0.2919 -0.3320 -0.3635 -0.3859

0.50| -0.0588 -0.1146 -0.1674 -0.2143 -0.2605 -0.3010 -0.3432 -0.3753 -0.4061 -0.4388
ANGH 005 010 015 020 025 030 035 040 045 _ 0.50
0.05 -0.0424 R

0.10| -0.0538 -0.1000 B(h, H) for r/r= 0.50

0.15| -0.0630 -0.1192 -0.1670

0.20| -0.0703 -0.1345 -0.1911 -0.2370

0.25| -0.0761 -0.1464 -0.2097 -0.2639 -0.3065

0.30| -0.0805 -0.1557 -0.2240 -0.2842 -0.3341 -0.3805

0.35| -0.0839 -0.1628 -0.2348 -0.2994 -0.3541 -0.4074 -0.4438

0.40| -0.0866 -0.1684 -0.2432 -0.3110 -0.3688 -0.4272 -0.4694 -0.5026

0.45| -0.0888 -0.1731 -0.2501 -0.3203 -0.3803 -0.4418 -0.4873 -0.5264 -0.5550

0.50| -0.0908 -0.1775 -0.2565 -0.3289 -0.3907 -0.4536 -0.5029 -0.5415 -0.5819 -0.6110
ANGH 005 010 015 020 025 030 035 040 045 _ 0.50
0.05 -0.0337 -

0.10| -0.0430 -0.0809 B(h, H) for r /r=0.60

0.15( -0.0509 -0.0972 -0.1367

0.20| -0.0571 -0.1097 -0.1563 -0.1904

0.25| -0.0617 -0.1191 -0.1710 -0.2113 -0.2428

0.30| -0.0651 -0.1260 -0.1816 -0.2265 -0.2634 -0.2906

0.35| -0.0677 -0.1311 -0.1892 -0.2373 -0.2777 -0.3097 -0.3335

0.40| -0.0695 -0.1348 -0.1948 -0.2450 -0.2878 -0.3228 -0.3507 -0.3706

0.45| -0.0710 -0.1379 -0.1993 -0.2511 -0.2955 -0.3322 -0.3625 -0.3861 -0.4025

0.50| -0.0724 -0.1409 -0.2037 -0.2570 -0.3025 -0.3402 -0.3723 -0.3953 -0.4195 -0.4338

methodology redistributes the entries in the augmented
ICFs matrix making them of the same order of magnitude
along the diagonal. Thus, the residual stress estimates and
uncertainty bounds for the depth resolution of 180 nm and
360 nm are comparable. Therefore ‘the unit pulse model
uncertainty’ is reduced. The error propagation analysis for
the regularized algorithm of the down-scaled rosette
method [21] yielded bounds about 3 times larger than the
bounds estimated herein. The down-scaled rosette method
tends to overestimate the stress estimates by about 15%.

The error analysis for the results estimated from a single
depth increment at depth of 1.8 um yields narrow
uncertainty bounds of +75 MPa. In this case, the incremen-
tal micro-hole-drilling method loses its capability of
inferring depth profiles of stresses and ‘the unit pulse
model uncertainty’ will reach its maximum. Qualitatively,
from the current study, we can say that ‘the unit pulse
model uncertainty’ is disproportionate to the depth resolution
and is coupled with unregularized and regularized probability
bounds of residual stress estimates.

The uncertainties in the displacement measurements are
relatively large (particularly the systematic error), which
result in widely spaced uncertainty bounds, even for
regularized analysis. Therefore, to achieve consistent and
reliable SEM measurements for use with DIC (to reduce the

SEM

source of errors included in the point (a) in Section 3.), the
surface must be characterized by a dense, random, high-
contrast surface speckle pattern, as discussed and analyzed
in [30]. Ideally, the random error of displacement mapping
should be reduced to below 0.005 pixels and the systematic
error should not exceed about 1.5%.

AH AH

Ah

Ah

Fig. 7 Triangular scheme for interpolating the tabulated values
of A(h,H) and B(h,H)
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Conclusions

In summary, this work presents a new method for mapping
in-plane residual or applied stresses incrementally as a
function of depth at the micron-scale laterally and sub-
micron scale depth-wise. The proposed methodology
reconstructs the residual stress distribution from full-field
radial displacements. The results obtained agree within the
uncertainties with the residual stresses inferred using the
down-scaled rosette method (—920 MPa + 230 MPa (90%
bounds)) averaged over 2 pum depth in [21] and that
obtained using a FIB microslotting method (—650 MPa +
50 MPa (90% bounds)) for the x-direction [20] averaged
over a depth of 4.1 um. In addition the method indicated
that the principal axes were oriented at 15° to the long axis
of the bar. By mapping the radial displacement full-field we
reduced the separation of the bounds by about 3 times
compared with the down-scaled rosette method. The stabili-
zation approach based on the Tikhonov regularization
efficiently reduced the oscillations in stress estimates and
substantially narrowed the bounds of stress estimates (more
then 2.5 times). In addition, the regularization allowed us to
increase the depth resolution from 360 nm to 180 nm without
a significant increase of residual stress estimations uncertainty.

The results of the current work and surface decoration
methods developed in [30] point to the scalability of this
method to map residual stresses in volumes as small as 1 x
1x0.2 um® or less. The potential applications of this
technique are wide ranging, including stresses in amorphous
thin films, MEMS components and devices, organic electronic
devices, nanostructured materials, etc. Though applicable to
crystalline materials, for amorphous materials our micro-hole
milling method has few competitors.
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Appendix

Bivariate interpolation of tabulated dimensionless
cumulative stress relaxation functions [5]

The dimensionless cumulative stress relaxation functions
(DCRFs) are summarised in Tables 3 and 4.

The Fig. 7 illustrates the scheme for bivariate interpola-
tion of the tabulated DCRFs A(h, H) and B(h, H). Point, X,

represents the desired (4, H) coordinates, and points, A-F,
represent the (4, H) coordinates of a triangular group of six
values from Tables 3 or 4.

Dimensionless coordinates (Y, y) relate the (h, H)
coordinates of points, X, to those of the central point, C,
as follows

HX:Hc+YAH, hX:hc+yAh (Al)

where AH = Ah = 0.05. Within the area BCDE of Fig. 7, — 1
<Y <0, and =1 <y < 0. For the best interpolation accuracy,
points, A-F, should be chosen from Tables 3 and 4 such that
point, X, falls within, or as close as possible, to area BCDE.
Using a quadratic interpolation polynomial, the estimated
value at point, X, is

L=y =1/2f+ 0 =»)—=Y)fp+(1-y)
xX(I+Y)fe+(-Y)0-Y—-1)/2fp
+(A+)-Y)fe+Y(1+7Y)/2fr

where fx, f4, f5, etc. are the Z(h,H) or E’(h,H) values at
points X, A, B, etc.

(A2)
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