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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 Ge,Si;_,/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. © 2000 Kluwer Academic
Publishers

1. Introduction tic method can only be applied to very simple geome-
Residual microstrains have a great influence on eledty cases, and isotropic assumption is usually needed.
tronic, mechanical and other properties of materialsAny problem that can be analyzed by theoretical elas-
thus an accurate knowledge of residual microstrain distic method can be conveniently solved by finite element
tribution is essential for developing advanced materials(FE) method, thus the surface stress relaxation of speci-
Convergent beam electron diffraction (CBED) can ac-men can be modeled by FE method. Some factors, such
curately measure local strains in thin specimens due tas complicated geometry, anisotropy, etc., are difficult
the high spatial resolution of this technique. CBED hasfor theoretical elastic method to treat, but are not diffi-
been applied to measure local strains in many materieult for FE method. The FE method has been applied to
als, such as metal matrix composites [1, 2], strainedanalyze elastic relaxation in CBED specimens of nickel
layer superlattices [3-5], nickel based superalloys [6]based superalloys [6] and,iGa,_xAs/GaAs strained-
deformed copper [7, 8], epitaxial systems [9, 10], etclayers [15].

However, one common problem mentioned in these The purpose of this paper is to obtain the basic char-
CBED studies is the effects of surface stress relaxatioacteristics of strain relaxation in the cross-sectional
of CBED specimens. For study by CBED, thin spec-specimens of multilayer materials by using the FE
imen must be prepared. Because surface stress relasaethod. Anisotropy is considered. The distribution of
ation occurs during the thinning process of specimengiesidual strains in the specimen and the average strains
residual strains in the specimens are different from thaof the whole specimen thickness are studied.

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 shou@' M_T_Lhod |
be taken into account [11]. -1. The general procedure

For treating the effects of surface stress relaxation i} thiS paper, the procedure for modeling effects of sur-
specimens, one way is to understand the major factor&Ce stress relaxation during processing specimens from

affecting the surface stress relaxation, and take med€ bulk materials with residual strains has two steps:

sures to minimize the effects of surface stress relax-  Step 1 Design a FE model that can represent the
ation. Another way is to simulate the surface stress re- bulk material. Part of this FE modelis the FE model of
laxation, and set up the relationship of residual strains specimen, i.e., the specimen is assumed to be within
between the thin specimen and the bulk material. Some the bulk material. The residual strainsin the FE model
researchers have applied the theoretical elastic method of the bulk material are assumed to be known, or are
to study the elastic relaxation at a misfit interfaces of solved by FE method according to the given con-
specimens [3, 4, 10, 12-14]. However, theoretical elas- straint and load conditions.
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Step 2 Separate the FE model of the specimenmaterial; step 2, separating the FE model of specimen

from the FE model of the bulk material. This can befrom the FE model of the bulk material.
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 2,2.1. Constructing residual strains in the
of the selected elements by a severe reduction factor FE model of the bulk material
(such as 10°). An element’s stress, strain, load, heat, Residual strains in the FE model of the bulk mate-
etc., are all setto zero as soon as the element s killedial can be assumed to be known or can be solved ac-
When the selected elements are killed, a free surfaceording to the given conditions of constraint and load.
is created, and thus surface stress relaxation occurgye assume residual strains in the bulk material are
As aresult, effects of surface stress relaxation can beaused by the misfits of lattice constants between ma-
conveniently modeled. The “element death” effectterials A and B. The misfits arefq = (ag> — @1)/ao1,
can be very conveniently realized by using ANSYS fy, = (bg—bo1)/bo1, fc = (Co2—Co1)/Co1. Here ag1, bo1
software package. andcg; are the lattice constants of material &y, bg,
andcy, 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

a=ap=ac =0 for material A, and are assumed to be

2.2. The FE models
Suppose we have a multilayer material of alternatin
material A and material B. The layer thicknesstds o = fa, ap = f, andag = f,, for material B. Herexs,

for each layer of material A ant for each layer of ap anda are the fictitious thermal expansion coeffi-

material B. The lattice is assumed to be cubic or tetrabients along the orientations of [100], [010] and [001]

gona_ll. _Each interface is assumed to be c_ohergnt. Thﬁespectively. Constraint, load, and material constants
x-axis is normal to each layer. Theandz directions are as follows:

are assumed to be infinite. A specimen of thickrtess
with surfaces az=+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. The-dimension of the
FE model of bulk material is assumed to ti2 + §,
heres is an arbitrary value. All nodes at=t/2+§ are
constrained. When elements outside the plaret/2

Constraintuy =0atx =0;uy =0aty=0;u, =0
atz=0; all nodes ak = (ta + tg)/2 have a common
unknownuy; all nodes aty =d have a common un-
known uy (d: the y-direction thickness of the FE
model); all nodes at =t/2 + § have a common un-
knownus,.

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

Material constantsFor obtaining the basic charac-
teristics of surface stress relaxation in cross-sectional

are killed, the plane = 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

.
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Figure 1 Thex-zsection of the specimen processed from the multilayer
material ¢=+t/2) are the specimen surfaces.
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Figure 2 The FE models of specimen and the FE model of bulk multi-
layer material (this FE model is for the casg/ts = 3,t/tg = 3/2).
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specimens of the strained-layer materials, we use
GeSii_«/Si as an assumed material model. The Si
and GgSi;_x have the same crystallographic ori-
entations, and the lattices of both materials are cu-
bic. We assume the orientations of &g _4/Si to be
x(001),y(110),z(110). Material constants are [16]:

Si:C;;=1658 GPaC,;,=639 GPa
Cu4=79.6 GPaay=0.543 nm;

Ge:(G1=1240 GPaC;,=413 GPa
C44=68.3 GPaayg=0.565 nm

HereC4, C12 andCy4 are elastic moduliag is the
lattice constant. To keep a coherentinterface between
Si and GgSi;_y, we selecix =0.1. Letag; andag,
represent the lattice constants of Si and Ge respec-
tively, in the same way as in [4], the misfit between
Si and GgSi;_y is defined as

f = X(ao2 — @01)/801 = 4 x 1073

Because the content of Ge in & _ is low, moduli

of GgSi;_x are similar to that of Si, for simplifica-
tion, we assume the elastic consta@ts, C,» and
Ca4 of GgSiy_x are the same as Si. For perform-
ing FE calculation, elastic modulus matrix of Si and



GgSi1_x under the coordinate systemzis needed. while Si contracts. However, G8i;_x and Si must
In the same way as in [17], the elastic modulus makeep compatible at the interface, as aresult, shear strain
trix of Si and GgSi;_x under the coordinate system ey is created at the interface.

Xyzis obtained as Fig. 3 shows the distribution of residual straigy,
in specimens after surface stress relaxation. &hés

[C] = zero at the center of each material layer, and is also
1658 symmetry] zero at the thickness center of specimen. The maximal
639 19445 exz is located at the local interface region a little below
639 3525 19445 the surface. Along the interface, with the distance away
0 0 0 796 from this local regiongy, decreases gradually. Near the
0 0 0 0 5095 surfacegy; decreases drastically with the distance away
0 0 0 0 0 796 from the interface. The maximay}; is affected by the

ratio of specimen thickness to material layer thickness.

The smaller this ratio is, the smaller the maximgl

will be.

The ratios of specimen thickness to the layer thick-

ness, i.e.t/ta andt/tg, have important effect osgy;.
K When bottt /ty andt/tg are small (Fig. 3a), only alocal
gion near the interface is distinctly affectedy, the
istribution ofey; is nearly symmetrical about the in-
rface. When/ty = 1/2 andt /tg = 3/2 (Fig. 3b), the
stribution ofey, near the interface is not symmetrical
bout the interface. Whetyta = 3/2 andt/tg =9/2

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 bul
material have been constructed (by assumption or b
FE calculation), elastic relaxation of the thin specimen
can be modeled by a very simple way: selected elemen§
betweerz=1t/2 andz=t/2 + §, then deactivate these !

I t Itiplying the stiff fth I tS_. . ;
elements by multiplying the stifiness of these elemen Fig. 3c), most part of the specimen is affectedshy,

by a reduction factor (1¢f). When these elements are . LSRN . .
deactivatedz =t/2 becomes a free surface, and elasticand the region aff(_ected WZ_'S wider in material A (Si)
relaxation occurs. As aresult, strains betweer0 and than that in material B (GéSl.). When bottt/t, and

7=1/2 become the residual strains in the specimen. \/8 arélarge (Fig. 3dky; hasittle effect at the region

For understanding the effect of the thickness ratiofar from the surface.
of neighboring material layers, we selégtts = 3; for
understanding the effect of the ratio of specimen thick-3
ness to the layer thickness, we selefts =1/2, 3/2,

9/2 and 8.

.2. Distribution of residual strain ¢,, in
specimens after surface
stress relaxation
Fig. 4 shows the distribution of residual strasp,
3. Results and discussion in specimens after surface stress relaxation. Residual
Residual strains in the G8i,_»/Si multilayer material s'grainszzis larger atthe ir_wterface, and decrease; withthe
have the characteristics;y = £,5, £xy = £y7=ex;=0. distance away from the interface. The local region atthe

Thus the lattice of each layer is strained as tetragondtersection of interface and surface is a special region,
structure. Fota /tg = 3, Strainsexy, £yy ande, in the wheree,, decreases drastically with the distance away

ness to the layer thickness affects the characteristics
In GgSiy_xlayer:exx = 0.231% of e, distribution. When both/ta andt/tg are small

(Fig. 4a), in each material layes;, exists only near
the interface, while:,, relaxes sufficiently throughout

In Silayer:exx = —0.077% the specimen thickness at the region far away from the
interface. When the specimen thickness is increased
(Fig. 4b), thee,, region near the interface becomes

After surface stress relaxation, residual strajp in ~ wider. When botht/ta andt/tg are large (Fig. 4d),

specimen is the same as in the bulk material; shed€laxation of; s distinct near the surface, while elas-

strainss,y ands,, are still zero. However, residual shear tic relaxation has little effect or,, at the region far

straine,. is created at the interface; residual strajp ~ @way from the surface. From Fig. 4c and d we know

is partly relaxed' residual Stramx is also Changed the Sma”e&tzz|s not at the Surface, but a little distance
away from the surface.

Syy = &zz= _0.3%

8yy = Ezz= Ol%

3.1. Distribution of residual strain sy, in

specimens after surface 3.3. Distribution of residual strain g, in
stress relaxation specimens after surface
In the FE model of the bulk strained-layer material, stress relaxation

there is no residual shear strain. When the FE model ofig. 5 shows the distribution of residual straigy in
specimen is separated from the FE model of the bullspecimens after surface stress relaxation. When both
material, compressive residual stress of GgSi;_x t/ta andt/tg are small (Fig. 5akyx decreases with the
and tensile residual stresg, of Si are relaxed at the distance away from the interfacg;x near the surface
surface. Thus along thedirection, GgSi;_x extends, is larger than that inside the specimen; at the region far
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G=0.90
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Figure 3 Distribution of the residual shear straig; in specimens: (a/tg =1/2; (b)t/tg =3/2; (c)t/tg =9/2; (d)t/tg = 8. (e0=0.3% is the
absolute value of residual straip, of material B in the bulk multilayer material.)

% Si

away from the interfacesxx becomes constant. When 3.4. Characteristics of the whole thickness

the specimen thickness is increased (Fig. 5b), the effect  average residual strains in specimens

of surface orexy in material B (GgSi;_x) is more ob-  When using CBED to study residual strains in the spec-
vious, i.e., at the region far from the interface he  imen, the measured residual strain values in the speci-
becomes smaller with the distance away from the surmen are the average values of the whole thickness. Thus
face. Wher/tp =3/2andt/tg =9/2 (Fig. 5¢), theexx ~ for making the numerical results useful to the CBED
in material B (GgSi1—x) changes drastically near the study, the FE results of residual strains in the specimen
surface. When both/ty andt/tg are large (Fig. 5d), should be averaged throughout the thickness. The vari-
near the surfaceyy decreases drastically with the dis- ations of the average straibg,, £,; andz,y along the
tance away from the surface;x becomes constant at x-axis are shown in Fig. 6, hekg,, £,; ands, are the

the region far away from the surface. From Fig. 5¢ andvhole thickness average strains. At the positicax;,

d we know when the specimen thickness is larger thathe z,; is calculated byeyz(x;) = (EJN::L(é‘XZ)jVj /V,

the material layer thickness, the maximsgk of this  whereN is the number of elements connected with the
layer locates at the intersection of the surface and théine x =X, (¢x,); andV; are the straimy, and volume
central axis of this layer. of the jth element connected with the line=x;, V
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a= 0.05
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Figure 4 Distribution of the residual straigy, in specimens: (a)/ts =1/2; (b)t/ts =3/2; (c)t/tg =9/2; (d)t/tg = 8. (co = 0.3% is the absolute
value of residual strain;, of material B in the bulk multilayer material.)

is the volume of all elements connected with the line(t/ta = 1/2,t/tg = 3/2), the region affected kB, be-

X =X;. At the positionx = X, £,z andzxx are calcu- comes wider; the symmetry 8f; about the interface is

lated in the similar way t@y; . From Fig. 6 we can lost. From Fig. 6¢t{/ta = 3/2,t/tg =9/2) and Fig. 6d

know how specimen thickness affe€fg, ¢;; andexx, (t/ta =4/3,t/tg =4), we see that for thick specimen,

and howzy, g7z andeg, vary with the distance away the relationship between,; and the distance away from

from the interface. the interface becomes linearly; with the increase of
When botht/ta and t/tg are small (Fig. 6a) specimen thickness, the distributionsgfande,x be-

(t/ta=1/6, t/tg =1/2), the largeskyz, gz; andzxx ~ come smoother.

locate at the interface; near the interfagg, ¢z and

gxx become smaller drastically with the distance away

from the interfacegy;, €;; and&xx become constant 3.5. Availability of the method

at the region far from the interface; near the interface, described above

exz IS symmetrical about the interface, and the absoThe method described above can be conveniently ap-

lute value ofe; is nearly symmetrical about the inter- plied to model the stress relaxation of thin specimens.

face. With the increase of specimen thickness (Fig. 6bYhe basic idea is: put the FE model of the specimen into
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Figure 5 Distribution of the residual straisyy in specimens: (a)/tg =1/2; (b)t/tg =3/2; (c)t/ts =9/2; (d)t/tg = 8. (s0 = 0.3% is the absolute
value of residual strain,, of material B in the bulk multilayer material.)

the FE model of the bulk material, and determine thecan be deduced. This method can be applied to model
initial residual stresses and strains in the bulk materialglastic relaxation in CBED specimens of many mate-
then separating the FE model of the specimen from theials, such as metal matrix composites [1, 2], Strained-
FE model of the bulk material by deactivating the el-layer superlattices [3-5], Nickel based superalloys [6],
ements outside the FE model of the specimen. In realleformed copper [7, 8], epitaxical systems [9, 10], etc.
cases, itis 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 #. Conclusions

the residual strains or stresses in the bulk material, theA procedure for modeling effects of surface stress relax-
model the residual strains in the specimen after stresstion during processing specimens from the bulk mate-
relaxation; compare the FE results with the measuredal with residual stresses has been described in this pa-
results, then adjust the assumed residual strains valuger. Based on the FE results, characteristics of residual
in the bulk material, and model the elastic relaxationstrains in the cross-sectional specimen of strained-layer
again. In this way, residual strains in the bulk materialmaterial are concluded as follows:
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Figure 6 Distributions of the average residual straifg, £;; andexx in specimensgyz, €7z andexy are the average strains of the whole thickness of
specimen): (a)/tg =1/2; (b)t/tg =3/2; (c)t/tg =9/2; (d)t/tg = 8. (e0 = 0.3% is the absolute value of residual strajp of material B in the bulk
multilayer material.)

Within the strained-layer material, there is no resid-Acknowledgements
ual shear strainy,. In the cross-sectional specimen of The work was financially supported by the National
such material, residual shear strajn is created atthe PAN-Deng project (Grant No. 95-YU-41) of China.
interface near the surface. The maxingl locates at
the local interface region a little below the surface. The
maximaley; is affected by the ratio of specimen thick- References
ness to material layer thickness. The smaller this ratiol. s. J. ROZEVELD,J. M. HOWEandS. SCHMAUDER, Acta
is, the smaller the maximaj, will be. This shear strain l’\:'e‘é"w”- M;‘S[-J“Oj(lgﬁzg 5é73-H NG R M. WANG. L
is zero at the.center of each matengl layer, and is also™ _’ /e andL. DELACY, UItramicros'copy72(1998) 1
zero at the thickness center of specimen. 3.D. D. PEROVIC, G. C. WEATHERLY and D. C.
Residual strairz,, is larger at the interface, and de- HOUGHTON, Phil. Mag. A 64(1991) 1.
creases with the distance away from the interface. The4. X. F. DUAN, D. CHERNSandJ. W. STEEDS ibid. 70

smalleste,, is not at the surface, but a little distance _ (1994) 1091.
5. A. ARMIGLIATO, R. BALBONI, F. CORTICELLI, S.

away f,rom the s_urfac_e. FRABBONI, F. MALVEZZl andJ. VANHELLEMONT,
Residual strairexx is larger at the surface than at  \ater. Sci. Techn11 (199 ) 400.

the inside of specimen. When the specimen thickness. r. VOLKL,U. GLATZEL andv. FELLER-KNIEPMEIER,

is larger than the material layer thickness, the maximal Acta Mater, 46 (1998) 4395. _

exx Of this layer locates at the intersection of the surface ”: ;;)SJC-O M’;;E(Fiégé) f;“ NERandH. MUGHRABI, Ultrami-

and the central ,aXIS of thIS. Iayer' . . 8. R. R.pyKéLLER, H. J. MAIER, H. RENNER and H.
The local region at the intersection of interface and  yygHRrABI, Phil. Mag. A 70, (1994) 329.

surface is a special region, where residual strajgs 9. F. BANHART andN. NAGEL, ibid. 70(1994) 341.

€7z andexx change drastically with the distance away 10. R. BALBON,S. FRABBONI andA. ARMIGLIATOR, ibid.

from the interface or surface. 77(1998) 67.
11.H. J. MAIER, R. R. KELLER, H. RENNER, H.

The whole thickness average residual strajgse,; MUGHRABI andA. PRESTON ibid. 74, (1996) 23,
andexx are largest at the interface, and decrease With, ;. w. gissonandv. M. J. TREACY, Ultramicroscopy 14
the distance away from the interface. (1984) 345.

1151



13. M. M. J. TREACY,J. M. GIBSONandA. HOWIE, Phil. Scientists,” (Macmillan College Publishing Company, Inc. 1992)

Mag. A, 51 (1985) 389. appendix E.
14. M. M. J. TREACY andJ. M. GIBSON,J. Vac. Sci. Technol  17.C. R. CHEN,S. X. LI andZ. G. WANG, Mater. Sci. Eng. A
B4, (1986) 1458. 247(1998) 15.

15.D. JACOB, Y. ANDROUSSI, T. BENABBAS, P.
FRANCOISandA. LEFEBVRE, Phil. Mag. A, 78(1998) 879. ]
16.K. N. TU,J. W. MAYER andL. C. FELDMAN, in“Elec-  Received 10 March
tronic Thin Film Sciences: For Electrical Engineers and Material and accepted 25 August 1999

1152



