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Stress profile and thermal expansion of layered materials determined
from surface stresses
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A simple method of inferring the stress profile and the effective difference in thermal expansion or
strain in an unconstrained elastic multilayer system from a measurement of a limited number of
surface stresses as obtained for example using x-ray diffraction or Raman spectroscopy is outlined.
Explicit relationships are given for bilayered systems. The analysis procedure is exemplified for
literature data of electronics materials, solid oxide fuel cells and thermal barrier systems. Following
the outlined procedure, a determination of the stress profile and difference in thermal expansion for
composites of alternating layers is also possible. 2@4 American Institute of Physics.
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Lay_ered r_naterials find widespread use in electronic, tl(t§E1+3t1t§E2+4t§E2)
magnetic, optical, and structural components. Such compo- o iyerface 3 > 3= T1surface 2
nents can be subjected to residual stresses due to intrinsic to(2t7E; + 3t1tE — 15E)
processes, such as smt_er_lng or crystalllz_anon, mlsmatch in (4t§E1+3t§t2El+t§E2)
thermal expansion coefficient or mechanical loading. Theo- o jyerfacs 3 > 3= O1surface 3
ries to relate stress, strain and curvature to the mechanical (—2t7E; = 3tit,E  +H5E»)

and thermal loading have been established for isotropic mayheret is the thickness ané the elastic modulusif the

terials, bilayered, multilayered compositésand materials specimen is a plat&/(1— »?) has to be substitutedSince

with property gradient$.These theories can be used to de-the stress can be a result of differences in thermal expansion

termine the difference in strain or thermal expansion as welbut also intrinsic, growth related, the difference in strain is

as the residual stresses in a layered composite from thgonsidered. If the strain is a result of thermal expansion

change in deflection or curvature. =aAT andAe=AaAT. Defining the strain in layer two as
Residual stresses in the surface of coated and layered,= e, + Ae; , yields

materials are often assessed using Raman spectroscopy or 42 3 2.2 3 42

x-ray diffraction™® However, a determination of the stress A ¢, _ (MEIF AGLE, B+ BUGE Byt 4L GE By + GBS

profile requires a large number of measurements. In the cur- tzElEz(—2th1—3tft2E1+t§E2)
rent letter it is shown how the stress profile can be deter- y 4
mined from a limited number of measurements. Only the T1,surface @

more common cases of bilayéroating on a substrateand Here E andt are the average values during the expansion
trilayer composites are analyzed in detail. However, follow-process.

ing the outlined procedure the stress profile and thermal ex- These equations can be used to determine the stresses at
pansion for composites of alternating layers can be detenmarious positions as exemplified for some literature data.
mined. Lead zirconate titanatéPZT) films are being used in elec-

It is assumed that the stress is measured in the surface tbnic devices and microelectromechanical systems, where
layer 1. It has to be considered that the stress is only reprdhe reliability depends on the residual stresses in the>fim.
sentative of the surface if the analyzed depth is small comA surface stress of 117 MPa after cooling from 650 °C to
pared to the layer thickness or the stress is relatively constameom temperature has been determined using x-ray diffrac-
over the layer thickness, which is the case if the film thick-tion for PZT films (1 um thick, suffix I on Si substrates
ness is much smaller than the substrate thickness. All stresséa25 um thick, suffix 2.>° A calculation of the stresses using
are in the plane of the laminate. The stress in the surface dhe relationships presented above yields thgn,.=0.4
layer 2,05 suace N layer 2 next to the interface to layer 1, MPa, 03 inerfacs™ —0.9 MPa andoy jneeracé=117 MPa. The
Tainterface @Nd in layer 1 next to the interface to layer 2, effective difference of the thermal expansion coefficients is

01 intertace TOllOW from the general relationships for the stress3.2 ppm. This effective value is a result of the difference in
in multilayered composités thermal expansion between paraelectric PZT and substrate
above the Curie temperatufe-300 °C%) and between ferro-
tl(thl—3t1t§Ez—2thz) electric PZT and substrate below this temperature. Since the
02 surfacé™ 01 surface (1)  thermal expansion coefficient for Si-5 ppm and for

3 2 3
ta(2t1E, + 3U11E, — 1B paraelectric PZT-6.1 ppm® an effective value of-11 ppm

results for the ferroelectric PZT. Further insight can
aAuthor to whom correspondence should be addressed: electronic maiP© gained via a x-ray diffraction measurement at elevated
j.malzbender@fz-juelich.de temperatures.
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Another example is the stresses in a solid oxide fuel cellcoat is measured as300 MPa using x-ray diffraction. The
The surface stress in the center of a/8@ electrolyte(suffix  elastic modulus of substrate and bond coat are 214 and 170
1, elastic modulus 207 GP@n a 2 mmanode(suffix 2,  GPa, respectively, and thicknesses are 2 mm andny
elastic modulus 96 GPaas determined using synchrotron respectively'! Hence,o; surfacs= —2 MP&, 07 interfacs=4 MPa,
radiation is —590/~690 MPa (sintering temperatures and oy jerracs= —300 MPa. The effective difference of the
1300/1500°¢." This vyields O surface —18/—21 MPa, thermal expansion coefficients is2 ppm, the effective
02 interface=36/42 MPa andry jnerface —591/—692 MPa. Al-  strain is—0.18%. After the deposition of the thermal barrier
though, in the case of a cell constrained against deflection theoating, the stress in the surface 4s—20 MPa (thermal
entire anode will be in a tensile stress state, the only tensilbarrier coating as deposited, elastic modulus 70 GPa, thick-
stress for the free cell exists in the anode at the interface withess 30Qum, substrate 900 K furing depositiph The dif-
the electrolyte. Due to the brittle nature of the anodes used iference in strain determined above ise,;=—0.18%.
solid oxide fuel cells, tensile stresses can be failure relevartience,os gyracs= —6 MPa, 03 syrfacs=10 MPa, 075 griacs=256
depending on the modulus of rupture and the Weibull moduMPa, o5 jnertace=256 MPa andoy jnerface= —21 MPa. The
lus of the material as well as the size of the cell in compari-difference in straim e, 3=—0.15%.
son with the fracture test specimen sizeHence, a cell sin- If a measurement of the stress in the surface of the bi-
tered at higher temperatures will have a higher failurelayer composite is not possible a solution for the stresses and
probability due to the higher tensile stress in the free anoddifferences in strain can be obtained via a measurement of
surface. The effective difference of the thermal expansiorthe stresses in the surface of layers 1 and 3. Then the
coefficients is 2.53/2.55 ppm, hence relatively independentelationshipd  for 01 surface, trilayer E1( €0~ €1) and
of the sintering temperature. The strain is a result of thers gyiace tilayer Esl (t1+12+t3)k+€,—€3] have to be
difference in thermal expansion and intrinsic, sinteringsolved to yieldAe; , andAe, 3.
strains. The good agreement of the difference of the thermal The procedure is limited to trilayered composites if only
expansion coefficients for the different sintering temperathe surface stresses can be determined. If a larger number of
tures suggests that the sintering strain is only a minor conlayers is to be analyzed the stress after each deposition step
tribution and that no relaxation effects occur between 130Mas to be measured and the strains/difference in thermal ex-
and 1500 °C. pansion can be determined as outlined above. Following the

As further example, a wm CeGQ film on a 50 um Ni procedure, a determination of the stress profile and thermal
substrate deposited at 600 °C resulted in an x-ray microdifexpansion coefficients for composites of a number of alter-
fraction strain of—0.2%2° Measurement from the Ni sub- nating bilayers or trilayers is also possible. In this case the
strate showed no strain within the accuracy of the measureneasurement of the stress in the surface has obvious advan-
ments(~0.0299. It was stated that this would be expectedtages over a determination of the stresses from the curvature
for a ductile, annealed metal substrfteHowever, the since, although the stresses increase, the curvature decreases
relationships given above permit one to assess the stregsth the number of alternating layers and the neutral axis
and strain in the Ni substrate in more detail. The stres@pproaches the middle of the specimen. The stress in the free
02 surface= — 14 MPa, 03 interface=28 MPa and surface of layer 1 approaches asymptoti&\Hy,surfacen_|ayer
01interface= — 700 MPa. The effective difference in strain is =E;(eq—€;) and in the surface of layar,® O, surfaces-layer
—0.21%. The strain in the free surface of the Ni substrate is=E,(ep—€,), hence, if only two different materials are
—0.0065%, hence below the limits of accuracy of the meapresent a measurement of only one surface stress permits a
surement, showing again the advantage of the methodologyetermination of the misfit strain or difference in thermal
presented here. Note that, the theory assumes that all defa@xpansion coefficient.
mations are elastic, that all deformations are small compared ) )
to the layer thickness, and that the laminate is flat before 1he work was financially supported by the European
elastic deformation. The sintering strain might be large, buldnion within the project “Component Reliability in Solid
does not contribute to the elastic deformation if the sinteringgx'de ’I,:uel Cell Systems for Commercial Operati@ORE-
stress is completely relaxed at high temperature. QFQ - Thg sqentmc support of R. W. Steinbrech and L.
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