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A procedure for modeling effects of surface stress relaxation in specimens processed from
materials with residual strains was described at first, then the anisotropic finite element
analysis was performed to study characteristics of strain relaxation in the cross-sectional
specimens of strained-layer materials. By using the “element death” technique, the finite
element model of the specimen was separated from the finite element model of the bulk
material, and a free surface was created. As a result, effects of surface stress relaxation
during processing specimens were conveniently modeled. The finite element results about
strain relaxation in the cross-sectional specimens of GexSi1−x /Si superlattice were
presented. Characteristics about the shear strain near the interface, the strain normal to the
surface, and the strain normal to the interface were studied. C© 2000 Kluwer Academic
Publishers

1. Introduction
Residual microstrains have a great influence on elec-
tronic, mechanical and other properties of materials,
thus an accurate knowledge of residual microstrain dis-
tribution is essential for developing advanced materials.
Convergent beam electron diffraction (CBED) can ac-
curately measure local strains in thin specimens due to
the high spatial resolution of this technique. CBED has
been applied to measure local strains in many materi-
als, such as metal matrix composites [1, 2], strained-
layer superlattices [3–5], nickel based superalloys [6],
deformed copper [7, 8], epitaxial systems [9, 10], etc.
However, one common problem mentioned in these
CBED studies is the effects of surface stress relaxation
of CBED specimens. For study by CBED, thin spec-
imen must be prepared. Because surface stress relax-
ation occurs during the thinning process of specimens,
residual strains in the specimens are different from that
in the bulk material. When deducing strains in the bulk
material from the measured strains in the specimen, ef-
fects of surface stress relaxation in the specimen should
be taken into account [11].

For treating the effects of surface stress relaxation in
specimens, one way is to understand the major factors
affecting the surface stress relaxation, and take mea-
sures to minimize the effects of surface stress relax-
ation. Another way is to simulate the surface stress re-
laxation, and set up the relationship of residual strains
between the thin specimen and the bulk material. Some
researchers have applied the theoretical elastic method
to study the elastic relaxation at a misfit interfaces of
specimens [3, 4, 10, 12–14]. However, theoretical elas-

tic method can only be applied to very simple geome-
try cases, and isotropic assumption is usually needed.
Any problem that can be analyzed by theoretical elas-
tic method can be conveniently solved by finite element
(FE) method, thus the surface stress relaxation of speci-
men can be modeled by FE method. Some factors, such
as complicated geometry, anisotropy, etc., are difficult
for theoretical elastic method to treat, but are not diffi-
cult for FE method. The FE method has been applied to
analyze elastic relaxation in CBED specimens of nickel
based superalloys [6] and InxGa1−xAs/GaAs strained-
layers [15].

The purpose of this paper is to obtain the basic char-
acteristics of strain relaxation in the cross-sectional
specimens of multilayer materials by using the FE
method. Anisotropy is considered. The distribution of
residual strains in the specimen and the average strains
of the whole specimen thickness are studied.

2. Method
2.1. The general procedure
In this paper, the procedure for modeling effects of sur-
face stress relaxation during processing specimens from
the bulk materials with residual strains has two steps:

Step 1: Design a FE model that can represent the
bulk material. Part of this FE model is the FE model of
specimen, i.e., the specimen is assumed to be within
the bulk material. The residual strains in the FE model
of the bulk material are assumed to be known, or are
solved by FE method according to the given con-
straint and load conditions.
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Step 2: Separate the FE model of the specimen
from the FE model of the bulk material. This can be
realized by deactivating the elements which do not
belong to the FE model of specimen. The “element
death” effect is achieved by multiplying the stiffness
of the selected elements by a severe reduction factor
(such as 10−6). An element’s stress, strain, load, heat,
etc., are all set to zero as soon as the element is killed.
When the selected elements are killed, a free surface
is created, and thus surface stress relaxation occurs.
As a result, effects of surface stress relaxation can be
conveniently modeled. The “element death” effect
can be very conveniently realized by using ANSYS
software package.

2.2. The FE models
Suppose we have a multilayer material of alternating
material A and material B. The layer thickness istA
for each layer of material A andtB for each layer of
material B. The lattice is assumed to be cubic or tetra-
gonal. Each interface is assumed to be coherent. The
x-axis is normal to each layer. They andz directions
are assumed to be infinite. A specimen of thicknesst
with surfaces atz=+t/2 is processed from such ma-
terial. Thex-z section of specimen is shown as Fig. 1.
The FE model of the bulk material is shown in Fig. 2.
The 8-node 3-dimensional anisotropic element is used.
They-dimension of specimen is assumed to be infinite,
thus only one layer of elements are needed along the
y-direction of the FE model. Thez-dimension of the
FE model of bulk material is assumed to bet /2+ δ,
hereδ is an arbitrary value. All nodes atz= t /2+ δ are
constrained. When elements outside the planez = t /2
are killed, the planez= t /2 will be free, as a result, the
FE model in Fig. 2 will become the FE model for the
specimen. Two steps are needed for modeling effects of
surface stress relaxation in the specimen: step 1, con-
structing residual strains in the FE model of the bulk

Figure 1 Thex-zsection of the specimen processed from the multilayer
material (z=+t/2) are the specimen surfaces.

Figure 2 The FE models of specimen and the FE model of bulk multi-
layer material (this FE model is for the case:tA/tB= 3, t/tB= 3/2).

material; step 2, separating the FE model of specimen
from the FE model of the bulk material.

2.2.1. Constructing residual strains in the
FE model of the bulk material

Residual strains in the FE model of the bulk mate-
rial can be assumed to be known or can be solved ac-
cording to the given conditions of constraint and load.
We assume residual strains in the bulk material are
caused by the misfits of lattice constants between ma-
terials A and B. The misfits are:fa= (a02− a01)/a01,
fb= (b02−b01)/b01, fc= (c02−c01)/c01. Here,a01, b01
andc01 are the lattice constants of material A;a02, b02
andc02 are the lattice constants of material B. Resid-
ual strains in the FE model of the bulk material can be
obtained by the fictitious thermal expansion. The ficti-
tious thermal expansion coefficients are assumed to be
αa=αb=αc= 0 for material A, and are assumed to be
αa= fa, αb= fb andαc= fc for material B. Hereαa,
αb andαc are the fictitious thermal expansion coeffi-
cients along the orientations of [100], [010] and [001]
respectively. Constraint, load, and material constants
are as follows:

Constraint: ux = 0 atx= 0;uy= 0 aty= 0;uz= 0
atz= 0; all nodes atx= (tA + tB)/2 have a common
unknownux; all nodes aty= d have a common un-
known uy (d: the y-direction thickness of the FE
model); all nodes atz= t/2+ δ have a common un-
knownuz.

Load: The temperature of the whole FE model
changes1T = 1K.

Material constants: For obtaining the basic charac-
teristics of surface stress relaxation in cross-sectional
specimens of the strained-layer materials, we use
GexSi1−x/Si as an assumed material model. The Si
and GexSi1−x have the same crystallographic ori-
entations, and the lattices of both materials are cu-
bic. We assume the orientations of GexSi1−x/Si to be
x(001),y(1 1̄ 0),z(110). Material constants are [16]:

Si : C11= 165.8 GPa,C12= 63.9 GPa,

C44= 79.6 GPa,a0= 0.543 nm;

Ge : C11=124.0 GPa,C12= 41.3 GPa,

C44= 68.3 GPa,a0= 0.565 nm.

HereC11, C12 andC44 are elastic moduli,a0 is the
lattice constant. To keep a coherent interface between
Si and GexSi1−x, we selectx= 0.1. Leta01 anda02
represent the lattice constants of Si and Ge respec-
tively, in the same way as in [4], the misfit between
Si and GexSi1−x is defined as

f = x(a02− a01)/a01 = 4× 10−3

Because the content of Ge in GexSi1−x is low, moduli
of GexSi1−x are similar to that of Si, for simplifica-
tion, we assume the elastic constantsC11, C12 and
C44 of GexSi1−x are the same as Si. For perform-
ing FE calculation, elastic modulus matrix of Si and

1146



GexSi1−x under the coordinate systemxyzis needed.
In the same way as in [17], the elastic modulus ma-
trix of Si and GexSi1−x under the coordinate system
xyzis obtained as

[C] =
165.8 symmetry
63.9 194.45
63.9 35.25 194.45
0 0 0 79.6
0 0 0 0 50.95
0 0 0 0 0 79.6



2.2.2. Separating the FE model of specimen
from the FE model of
the bulk material

After residual strain fields in the FE model of the bulk
material have been constructed (by assumption or by
FE calculation), elastic relaxation of the thin specimen
can be modeled by a very simple way: selected elements
betweenz= t/2 andz= t/2+ δ, then deactivate these
elements by multiplying the stiffness of these elements
by a reduction factor (10−6). When these elements are
deactivated,z= t/2 becomes a free surface, and elastic
relaxation occurs. As a result, strains betweenz= 0 and
z= t/2 become the residual strains in the specimen.

For understanding the effect of the thickness ratio
of neighboring material layers, we selecttA/tB= 3; for
understanding the effect of the ratio of specimen thick-
ness to the layer thickness, we selectt/tB= 1/2, 3/2,
9/2 and 8.

3. Results and discussion
Residual strains in the GexSi1−x/Si multilayer material
have the characteristics:εyy= εzz, εxy= εyz= εxz= 0.
Thus the lattice of each layer is strained as tetragonal
structure. FortA/tB= 3, strainsεxx, εyy andεzz in the
bulk material are as follows:

In GexSi1−x layer :εxx = 0.231%

εyy = εzz= −0.3%

In Si layer :εxx = −0.077%

εyy = εzz= 0.1%.

After surface stress relaxation, residual strainεyy in
specimen is the same as in the bulk material; shear
strainsεxy andεyzare still zero. However, residual shear
strainεxz is created at the interface; residual strainεzz

is partly relaxed; residual strainεxx is also changed.

3.1. Distribution of residual strain εxz in
specimens after surface
stress relaxation

In the FE model of the bulk strained-layer material,
there is no residual shear strain. When the FE model of
specimen is separated from the FE model of the bulk
material, compressive residual stressσzz of GexSi1−x

and tensile residual stressσzz of Si are relaxed at the
surface. Thus along thez direction, GexSi1−x extends,

while Si contracts. However, GexSi1−x and Si must
keep compatible at the interface, as a result, shear strain
εxz is created at the interface.

Fig. 3 shows the distribution of residual strainεxz

in specimens after surface stress relaxation. Theεxz is
zero at the center of each material layer, and is also
zero at the thickness center of specimen. The maximal
εxz is located at the local interface region a little below
the surface. Along the interface, with the distance away
from this local region,εxz decreases gradually. Near the
surface,εxzdecreases drastically with the distance away
from the interface. The maximalεxz is affected by the
ratio of specimen thickness to material layer thickness.
The smaller this ratio is, the smaller the maximalεxz

will be.
The ratios of specimen thickness to the layer thick-

ness, i.e.,t/tA andt/tB, have important effect onεxz.
When botht/tA andt/tB are small (Fig. 3a), only a local
region near the interface is distinctly affected byεxz; the
distribution ofεxz is nearly symmetrical about the in-
terface. Whent/tA = 1/2 andt/tB= 3/2 (Fig. 3b), the
distribution ofεxz near the interface is not symmetrical
about the interface. Whent/tA = 3/2 andt/tB= 9/2
(Fig. 3c), most part of the specimen is affected byεxz,
and the region affected byεxz is wider in material A (Si)
than that in material B (GexSi1−x). When botht/tA and
t/tB are large (Fig. 3d),εxz has little effect at the region
far from the surface.

3.2. Distribution of residual strain εzz in
specimens after surface
stress relaxation

Fig. 4 shows the distribution of residual strainεzz

in specimens after surface stress relaxation. Residual
strainεzzis larger at the interface, and decreases with the
distance away from the interface. The local region at the
intersection of interface and surface is a special region,
whereεzz decreases drastically with the distance away
from the interface. The ratio of the specimen thick-
ness to the layer thickness affects the characteristics
of εzz distribution. When botht/tA andt/tB are small
(Fig. 4a), in each material layer,εzz exists only near
the interface, whileεzz relaxes sufficiently throughout
the specimen thickness at the region far away from the
interface. When the specimen thickness is increased
(Fig. 4b), theεzz region near the interface becomes
wider. When botht/tA and t/tB are large (Fig. 4d),
relaxation ofεzz is distinct near the surface, while elas-
tic relaxation has little effect onεzz at the region far
away from the surface. From Fig. 4c and d we know
the smallestεzz is not at the surface, but a little distance
away from the surface.

3.3. Distribution of residual strain εxx in
specimens after surface
stress relaxation

Fig. 5 shows the distribution of residual strainεxx in
specimens after surface stress relaxation. When both
t/tA andt/tB are small (Fig. 5a),εxx decreases with the
distance away from the interface;εxx near the surface
is larger than that inside the specimen; at the region far
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Figure 3 Distribution of the residual shear strainεxz in specimens: (a)t/tB= 1/2; (b) t/tB= 3/2; (c) t/tB= 9/2; (d) t/tB = 8. (ε0= 0.3% is the
absolute value of residual strainεzz of material B in the bulk multilayer material.)

away from the interface,εxx becomes constant. When
the specimen thickness is increased (Fig. 5b), the effect
of surface onεxx in material B (GexSi1−x) is more ob-
vious, i.e., at the region far from the interface theεxx

becomes smaller with the distance away from the sur-
face. Whent/tA = 3/2 andt/tB= 9/2 (Fig. 5c), theεxx

in material B (GexSi1−x) changes drastically near the
surface. When botht/tA and t/tB are large (Fig. 5d),
near the surface,εxx decreases drastically with the dis-
tance away from the surface;εxx becomes constant at
the region far away from the surface. From Fig. 5c and
d we know when the specimen thickness is larger than
the material layer thickness, the maximalεxx of this
layer locates at the intersection of the surface and the
central axis of this layer.

3.4. Characteristics of the whole thickness
average residual strains in specimens

When using CBED to study residual strains in the spec-
imen, the measured residual strain values in the speci-
men are the average values of the whole thickness. Thus
for making the numerical results useful to the CBED
study, the FE results of residual strains in the specimen
should be averaged throughout the thickness. The vari-
ations of the average strainsεxz, εzz andεxx along the
x-axis are shown in Fig. 6, hereεxz, εzz andεxx are the
whole thickness average strains. At the positionx= xi ,
the εxz is calculated byεxz(xi )= (6N

j=1(εxz) j Vj /V ,
whereN is the number of elements connected with the
line x = xi , (εxz) j andVj are the strainεxz and volume
of the j th element connected with the linex= xi , V
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Figure 4 Distribution of the residual strainεzz in specimens: (a)t/tB= 1/2; (b) t/tB= 3/2; (c) t/tB= 9/2; (d) t/tB= 8. (ε0= 0.3% is the absolute
value of residual strainεzz of material B in the bulk multilayer material.)

is the volume of all elements connected with the line
x= xi . At the positionx= xi , εzz and εxx are calcu-
lated in the similar way toεxz . From Fig. 6 we can
know how specimen thickness affectsεxz, εzz andεxx,
and howεxz, εzz andεxx vary with the distance away
from the interface.

When both t/tA and t/tB are small (Fig. 6a)
(t/tA = 1/6, t/tB= 1/2), the largestεxz, εzz and εxx

locate at the interface; near the interface,εxz, εzz and
εxx become smaller drastically with the distance away
from the interface;εxz, εzz and εxx become constant
at the region far from the interface; near the interface,
εxz is symmetrical about the interface, and the abso-
lute value ofεzz is nearly symmetrical about the inter-
face. With the increase of specimen thickness (Fig. 6b)

(t/tA = 1/2, t/tB= 3/2), the region affected byεxz be-
comes wider; the symmetry ofεxz about the interface is
lost. From Fig. 6c (t/tA = 3/2, t/tB= 9/2) and Fig. 6d
(t/tA = 4/3, t/tB= 4), we see that for thick specimen,
the relationship betweenεxzand the distance away from
the interface becomes linearly; with the increase of
specimen thickness, the distributions ofεzz andεxx be-
come smoother.

3.5. Availability of the method
described above

The method described above can be conveniently ap-
plied to model the stress relaxation of thin specimens.
The basic idea is: put the FE model of the specimen into
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Figure 5 Distribution of the residual strainεxx in specimens: (a)t/tB= 1/2; (b) t/tB= 3/2; (c) t/tB= 9/2; (d) t/tB= 8. (ε0= 0.3% is the absolute
value of residual strainεzz of material B in the bulk multilayer material.)

the FE model of the bulk material, and determine the
initial residual stresses and strains in the bulk material;
then separating the FE model of the specimen from the
FE model of the bulk material by deactivating the el-
ements outside the FE model of the specimen. In real
cases, it is often that the residual strains in the thin spec-
imen are known, while the residual strains in the bulk
material are unknown. We can assume a set of values to
the residual strains or stresses in the bulk material, then
model the residual strains in the specimen after stress
relaxation; compare the FE results with the measured
results, then adjust the assumed residual strains values
in the bulk material, and model the elastic relaxation
again. In this way, residual strains in the bulk material

can be deduced. This method can be applied to model
elastic relaxation in CBED specimens of many mate-
rials, such as metal matrix composites [1, 2], Strained-
layer superlattices [3–5], Nickel based superalloys [6],
deformed copper [7, 8], epitaxical systems [9, 10], etc.

4. Conclusions
A procedure for modeling effects of surface stress relax-
ation during processing specimens from the bulk mate-
rial with residual stresses has been described in this pa-
per. Based on the FE results, characteristics of residual
strains in the cross-sectional specimen of strained-layer
material are concluded as follows:
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Figure 6 Distributions of the average residual strainsεxz, εzz andεxx in specimens (εxz, εzz andεxx are the average strains of the whole thickness of
specimen): (a)t/tB= 1/2; (b) t/tB= 3/2; (c) t/tB= 9/2; (d) t/tB= 8. (ε0= 0.3% is the absolute value of residual strainεzz of material B in the bulk
multilayer material.)

Within the strained-layer material, there is no resid-
ual shear strainεxz. In the cross-sectional specimen of
such material, residual shear strainεxz is created at the
interface near the surface. The maximalεxz locates at
the local interface region a little below the surface. The
maximalεxz is affected by the ratio of specimen thick-
ness to material layer thickness. The smaller this ratio
is, the smaller the maximalεxz will be. This shear strain
is zero at the center of each material layer, and is also
zero at the thickness center of specimen.

Residual strainεzz is larger at the interface, and de-
creases with the distance away from the interface. The
smallestεzz is not at the surface, but a little distance
away from the surface.

Residual strainεxx is larger at the surface than at
the inside of specimen. When the specimen thickness
is larger than the material layer thickness, the maximal
εxx of this layer locates at the intersection of the surface
and the central axis of this layer.

The local region at the intersection of interface and
surface is a special region, where residual strainsεxz,
εzz andεxx change drastically with the distance away
from the interface or surface.

The whole thickness average residual strainsεxz, εzz

andεxx are largest at the interface, and decrease with
the distance away from the interface.
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