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Various approaches can be used to minimize residual
stresses in ceramic—metal joining, such as a refractory-
metal interlayer in a hot-pressed joint. Nonetheless, it is still
necessary to characterize the stresses at and near the in-
terface between the interlayer and the ceramic, as a func-
tion of the hot-pressing parameters. This study combines
two techniques to assess the stress distribution of hot-
pressed silicon carbide—molybdenum joints: neutron dif-
fraction and finite-element (FEM) analysis. The results
demonstrate that the joining temperature greatly influ-
ences the final stress distribution, and that significant stress
accommodation is achieved by controlling the cooling rate
of the diffusion couples. FEM analysis provides a broad
view of stress distribution profiles, whereas experimental
stress values that are obtained via neutron diffraction allow
a better assessment of the effects of parameters that are not
easily reproduced using a mathematical model.

I. Introduction

ERAMICS such as SiC and §N, are characterized by high

trength at high temperatures, good wear resistance, an
excellent chemical stability, in comparison to conventional
metals and structural alloys. They are suitable materials for
high-temperature applications and chemically hostile environ-
ments. However, because of their brittle behavior, the use of
ceramics usually is restricted to specific components that com-
monly are attached to metallic parts. Among the various meth-
ods that are currently available to produce sound ceramic—
metal joints, solid-state diffusion bonding is known to produce
interfaces that are capable of resisting high temperatures an

chemical attack, exceeding the capabilities of brazed jdints.

Nevertheless, a critical problem concerning solid-state diffu-
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sion is related to the different thermal expansion behaviors of
the materials. Highly covalent ceramics, such as SiC aghd,Si
invariably have lower coefficients of thermal expansion (CTE)
than metals. SN, and SiC have CTEs of 3.5 x 1%°C and

4.4 x 10°/°C respectively, whereas metals and alloys have
CTEs ranging fro 8 x 10°%°C up to 25 x 10%/°C.2 Conse-
quently, residual stresses are generated during cooling of the
diffusion couple from relatively high bonding temperatures,
thus affecting the mechanical integrity of the joint. Several
approaches can be used to overcome this problem, such as the
use of metallic interlayers between the ceramic and the base
metal. From the standpoint of thermal expansion, refractory
metals such as tungsten (CTE 4.5 x 109°C) and molyb-
denum (CTE= 5.4 x 10%/°C) are the most attractive materials
for use as interlayers for joining SiC and;Sj, to other metals.
Their CTEs are similar to those of ceramics and they can be
used to reduce the thermal mismatch between SiN/Sand
metals or metal alloys with higher CTE values. However, it is
necessary to assess the potential of a specific interlayer. In
addition to microstructural characterization and mechanical
strength, the formation of residual stresses between the inter-
layer and the ceramic (and ways to minimize their amplitude)

d’s a major task.

The interface microstructute® and joint strength of SiC-
Mo joining couples have been studied in some detail. However,
no study has been conducted on the determination of residual
stresses. Stress distributions of hot-pressed diffusion couples
have been obtained for other ceramic—metal systems such as
Si;N,-stainless steel, using only finite-element (FEM) analy-
sis10 Despite the fact that numerical models usually provide
reliable approximations, important aspects such as the cooling

O(ate are not considered. In FEM analysis, mathematical data are

eadily gathered, allowing an overall view of stress distribution
profiles; however, construction of the model requires several
assumptions that concern material properties and a simplifica-

tion of the mechanisms that are involved in the joining process.

On the other hand, experimental stress values allow an assess-
ment of the effects of parameters that are not easily studied via
a mathematical analysis, resulting in an actual description of

the joining process. However, the values are generally charac-
terized by large errors that are characteristic of the measure-

ment process and sample size; hence, data collection may be-
come time consuming and rather expensive. Therefore, the
objective of this work was to evaluate the distribution of ther-

momechanical stresses in pressureless-sintered SiC diffusion-
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(FEM) and an experimental approach (neutron diffraction), and

to provide a comparison of the two methods.
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II.  Joining of SiC-Mo Diffusion Couples

SiC-Mo diffusion couples were prepared, using pressureless-

sintered hexagonal-SiC (Hexoloy-grade SA™, Carborundum
Co., Niagara Falls, NY) and molybdenum sheet metal (99.95%

pure, Johnson & Matthey, Toronto, Canada). The samples con-

sisted of a block of SiC that was mounted on a block of mo-

lybdenum that had a cross-sectional area of 9.0 mm x 9.0 mm

and thicknesses of 6 and 2.5 mm, for SiC and molybdenum,

respectively. The surfaces to be joined were ground and pol-

ished to a 1.Qum finish with diamond paste and cleaned ul-
trasonically in isopropanol for 5 min. Individual samples were
inserted in a graphite die, embedded in BN powder (99.5%
pure, Johnson & Matthey), and placed in a hot press. Calibra-
tion of the load cell was performed periodically; a precision of
5% of the nominal applied load was maintained. The sample

temperature was measured by using an infrared pyrometer

(Model M-600, Mikron Instrument Co., Oakland, NJ) that was

inserted in the back of the furnace and calibrated against a

type-C thermocouple that was placed in contact with the

sample. Hence, the test temperatures were +5°C of the nominal

value.
SiC-Mo diffusion couples were hot-pressed in a vacuum of
2 x 10% atm (20 Pa) or better. The joining temperatures varied

over a range of 1200°-1400°C, and the soaking time was set to

1 h. During that period, a uniaxial pressure of 10 MPa was
applied to the samples. After the vacuum was established in th
furnace chamber, the sample was heated to the preset joinin

ture was 10°C lower than the set point, the load was applied to

the sample. After 1 h, the sample was cooled to room tempera-

ture. The applied load was carefully removed during the initial
stages of cooling. Two cooling profiles were used; they are
labeled “A” and “B” in Fig. 1. In profile A, the sample was
simply furnace cooled, resulting in relatively high initial cool-

ing rates, because the hot-pressing chamber was water cooledi1

Profile B consisted of cooling the sample slowly (5°C/min) for
the first 500°C; then, the sample was furnace cooled for the
remainder of the cycle.

Thermal residual stresses in SiC-Mo joints were studied via
neutron diffraction at the AECL (Atomic Energy of Canada,
Ltd.) facilities in Chalk River, Canada. Neutrons generated in
the nuclear reactor were collimated toward a germanium crys-
tal, which generated a monochromatic beam (wavelengtbr,
1.8533 A). The neutron beam was then collimated again toward
a SiC-Mo sample that was placed on top of a moving table. The
spacial position of the sample was adjusted by a set of inde-
pendent stages for the, y-, and zcoordinates. The- and
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Fig. 1. Pressure and temperature profiles used to join SiC to molyb-
denum T, = 1200° or 1400°C).
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y-coordinates were variable (the analysis coordinates) and the
z-coordinate was fixed. The beam height was greater than the
sample height, which allowed an integrated diffraction process
through the entire sample, i.e., along §haxis. The stresses on
the SiC side of the samples were studied using thg)(@tanes,
which diffracted at an anglé = —89.84°, where
b = 29 @
0 is the Bragg angle.

For molybdenum, the (211) planes were used, corresponding
to ¢ = —92.40°. These particular sets of planes were chosen,
considering the intensity of the diffracted peak (relatively high)
and its angular positionp(= 90°), to minimize the distortion of
the sampling volume, which wd$ mm x 5 mm and had the
same thickness as that of the sample.

Strains were defined &5

_d_do

€ = do

)

whered corresponds to the spacing between a particular set of
crystallographic planes under tension or compression. When
the material is under tension, the planes are pulled slightly
apart so thatl increases with respect to a strain-free valig,
Similarly, if the sample is under compression, the planes are
ushed together ardidecreases with respect dg. The angle

temperature at a rate of 15°C/min. When the sample temperaggf rotation () of the table was adjusted to select the geometry

of the diffraction process and, therefore, the component of
strain to be studied. The normal component of strajh\Was
studied by setting th& value of the sample equal /2, and
the in-plane componenk,) was studied by setting equal
to ¢/2 + 90°. Therefore, the corresponding valuesdoffor
SiC were 45.08° for the in-plane component and —44.92° for
he normal component. For molybdenunlf, was equal to
3.80° for the in-plane component and —-46.20° for the normal
component.

After the strains were obtained, the stresses were calculated,
according to

E

O, =7
* 1+v

[eﬁﬁ(eﬁeﬁe»} ®)

whereE is the elastic modulus andis the Poisson’s ratio. The
room-temperatur& values for SiC and molybdenum are 414
and 324 GPa, respectively. As forthe values used were 0.14
for SiC'? and 0.324 for molybdenuri® A cyclic permutation

of indices in Eq. (3) yielded the other two components of stress
(0, anda,). On the basis of sample symmetry, it was assumed
that the strains along both in-plane components were equiva-
lent (e, = €,). This assumption is, in some sense, an oversim-
plification. From a mechanical standpoint, the only points that
satisfy this assumption are those which are situated on the
middle edgez of the sample, and rigorously, is different from

e, almost everywhere. On the other hardjs a result of an
integrated measurement along the entire height of the sample.
Thus, when measurements were performed alongzitves,

€, may be recognized as a representative value of the middle
point of the transversal section and, hence, the hypothesis is
applicable.

IV. FEM Analysis

A tridimensional thermal elastoplastic model was generated
to study SiC-Mo joints. A preliminary analysis was performed
considering both materials as ideally linear—elastic compo-
nents. Subsequently, a model where only the ceramic was con-
sidered to be linear-elastic throughout the thermal loading was
constructed. In this case, the metallic component was modeled
considering an elastic—perfect-plastic behavior, the von Mises
yield criterion, and the associative Prandtl-Reuss flow rule.
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The software that was used (ANSYS 5.0, ANSYS, Houston, (a)

TX) allows this constitutive behavior to be modeled by using a

kinematic hardening, as long as very low values of the tangent 450 |

modulus E;) are used, such as in the present situation, i.e., . TR0, o .

E./E = 0.05. ® R
Because of the large extension of the temperature range that %

has been considered (ambient to joining temperature), the de- =~

pendence of the thermomechanical properties of the material w

on the temperature was considered (Fig. 2). Because the varia-

tion of the Poisson’s ratio with the temperature is negligible 0

for both SiC and molybdenum, they were considered to be

constants. 0 500 1000 1500

~ The geometry of the modeled sample is schematically shown Temperature (°C)

in Fig. 3. As a consequence of the symmetry of the sample,

with respect to its geometry, mechanical properties, and load-

ing, only one quadrant of the couple was modeled. A sequence

of finite-element meshes was applied. Firstly, a uniform mesh (b

composed of trilinear hexagonal elements was considered. 10.0

Subsequently, to improve the accuracy of the analysis near the -

interface (region of stress concentration), a triquadratic mesh 7.5

was considered, as shown in Fig. 3. The results reported herein 1t

were obtained using this mesh. Shear stresses also were ob- % 5.0

tained from the analysis but not included in the discussion, hat . - o -SiC

because the experimental counterpart was not available for g 25 - :

comparison. O MO
Sample cooling was assumed to occur free of any applied 0.0

mechanical load. In addition, the temperature distribution in- 0 500 1000 1500

side the diffusion couple was assumed to be uniform, to avoid

the need to solve a heat-transfer equation during the iterative Temperature (°C)

process. This assumption is quite straightforward, because the

cooling time in the furnace was sufficiently long, considering

the thermal diffusivity of molybdenum (4 x 1®m?/s) and the (

relatively small dimensions of the couple. To simplify the

analysis, creep effects were not considered initially.

150 |- ¢ - siC
—o—=Mo

S~—

-1

- - O

Y

V. Results and Discussion

Initially, the distribution of residual stresses in SiC-Mo
joints was studied via neutron diffraction along a line perpen-
dicular to the SiC/molybdenum interfaces, as shown in Fig.
4(a). For the sample that was hot-pressed at 1200°C and cooled 0
according to profile A, the maximum, stress (330 MPa) was
measured on the molybdenum side of the joint at a distance of 0 500 1000 1500
0.25 mm from the interface (Fig. 4(b)). On the SiC side, a Temperature (°C)
corresponding value of =150 MPa was measured at an equiva-
lent distance from the interface. SiC was in compression in the
direction of o,, whereas molybdenum was in tension. Evi-
dently, this occurrence was a result of the CTE mismatch be- (d
tween the materials. Molybdenum has a higher CTE than does
SiC; therefore, it contracted more during cooling of the joint . 12000
from the bonding temperature. However, its contraction was
restrained by the bonding to the SiC, which resulted in com-
pressive stresses on the ceramic side. Molybdenum reacted to
that tendency, trying to extend the interface, thus resulting in a
concentration of tensile stresses, especially near the interface
with SiC. On both the ceramic and metal sides, the amplitude
of o, decreased as the distance from the interface increased. On 0
the SiC side,o, was almost zero at a distance of 1.5 mm, 0 500 1000 1500
whereas on the_molybdenum side, residual stresses were mea- Temperature (°C)
sured at an equivalent distance, as a result of the plastic defor-
ma_ti(_)n of the rn_etal. In contrasty, remained a_Imost Z€ro Fig. 2. Materials properties used to build the FEM model ((a
(within the margin of error) for most of the region that was Ygung’s modulus, (t?) Iir?ear coefficient of thermal expansion, (c) y(i(elt)i

analyzed, with an oscillating pattern that resulted in slight ten- syength of molybdenum, and (d) tangential modulus of molybdenum
sion on the metal side and compression on the ceramic S|de.(fr0m Refs. 12 and 13)).

This behavior was confirmed via FEM analysis.

Increasing the joining temperature to 1400°C and using cool-
ing profile A, the amplitude oo, adjacent to the interface  a consequence of increased contraction. However, the stress
increased to an average value of =550 MPa on the SiC side anddistribution itself was similar to that obtained for the sample
300 MPa on the molybdenum side (Fig. 5). Increasing the that was hot-pressed at 1200°C. A noticeable exception was the
joining temperature from 1200°C to 1400°C increased the tem- presence of high values of, far from the interface. As the
perature variation to which the sample was exposed during temperature increased, the compressive yield strength of mo-
cooling, which resulted in higher values of residual stresses, aslybdenum would decreasé However, because the mechanical

) 16000 p
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4000
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Fig. 4. (a) Position of scan line for neutron-diffraction analysis and
(b) distribution of stresses across the SiC/molybdenum interface.
Sample was hot-pressed at 1200°C and cooled according to profile A.
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Fig. 3. Sample geometry modeled via FEM analysis. 500 { ‘
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pressure applied to the couple upon fabrication of the joint was siC | Mo
set constant to 10 MPa, higher plastic deformation of the metal -1000
resulted at the higher joining temperature and, consequently, 25 -20 15 -1.0 -05 0.0 05 1.0 15 20 25
produced highew, values. Distance from Interface (mm)

The results that are depicted in Figs. 4 and 5 refer to samples

that were furnace cooled from the joining temperature (cooling Fig. 5. Distribution of stresses across the SiC/molybdenum interface.

profile A). Figure 6 shows the stresses obtained from a sample Sample was hot-pressed at 1400°C and cooled according to profile A
that was hot-pressed at 1400°C and cooled according to profile P P glop '

B of Fig. 1. The stress distribution was similar to that repre-

sented in Fig. 5. However, the amplitude of compressive

stresses on the SiC side of the joint adjacent to the interface,obtained under rapid cooling (profile A), whereas the ampli-
particularly for theo, component, was reduced significantly. tude ofo, in the equivalent position in Fig. 6 (profile B) was
Slow cooling (profile B) increased the time for which the almost zero, within the margin of error.

sample was exposed to elevated temperatures. At high tem- The distribution of residual stresses was then studied via
peratures, atomic diffusion was sufficient to promote structural FEM analysis. The calculation of stresses by using neutron-
rearrangement of the materials and accommodating residualdiffraction data and a mathematical approach involved differ-
stresses through plastic deformation and creep. Therefore, conent assumptions, which explained the major differences that
trolled cooling should decrease the amplituderpfn the SiC were observed between the two set of results. To verify the
side, adjacent to the interface. Figure 5 provides clear evidenceassumptions that were made in the FEM analysis, an equivalent
of this fact, because an average value of =550 MPa was  cylinder that had the same length and cross-sectional area as
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Fig. 6. Distribution of stresses across the SiC/molybdenum interface. 200 ;53035003
Sample was hot-pressed at 1400°C and cooled according to profile B. ! E
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the original sample was modeled. Then, the problem was ana- o °°
lyzed by using revolution symmetry and biquadratic finite el- -400 | & 0x FEM Hlo
ements. The results showed that the qualitative stress behavior oy FEM SiC i Mo
was in good agreement with results published in the literature
regarding the numerical analysis of a similar ceramic—metal -6.0 -4.0 -2.0 0.0 20
system (SiN,—SM50 steel}° Then, the actual joint geometry Distance from interface { mm )
was modeled. Several meshes were used in an attempt to reach
a reasonable balance between accuracy and analysis cost. Al-
though the calculated results always carry a dependence on the
mesh that is used, this phenomenon becomes less significant aéc) 400 ;
the mesh is optimized. In other words, the accuracy obtained |
herein is sufficiently adequate to conduct the intended com- 200 EI
parison. Further refinements would increase the cost of the E } } £ i I
analysis without bringing any significant contribution to the = 04 i Lo JEAA A
study. ® 4 A A oA Z ‘ i
FEM analysis provides a complete map of all stress compo- 200 I
nents (normal and shear) throughout the sample. Therefore, A~ o neutrons ‘ {
to perform a proper comparison with the values that are pro- A" o, FEM SiC | Mo
vided by the experimental technique, a convenient averaging of
FEM values along the same pattern occupied by the neutron -6.0 -4.0 -2.0 0.0 20
beam (the entire height of the sample along yrexis) was Distance from interface (mm)

performed.

Figure 7 shows a plot of the numerical results, along withthe rig 7. (a) Neutron-diffraction and FEM results far,, (b) FEM
experimental values that were obtained via neutron diffraction results foro, ando,, and (c) neutron-diffraction and FEM resullts for
for the sample that was joined at 1400°C. A reasonable agree-c,. The joining temperature was 1200°C.
ment was observed between the experimental and calculated
values for ther, component (Fig. 7(a)) on the SiC side of the
sample. However, Fig. 7(b) reveals a clear difference between
the values ofs, and o, that were obtained from the FEM
analysis on the molybdenum side, which contradicted the ini-
tial assumption that, ando, were equal. Because the neutron-
beam height covered all tﬁe sample height, the average resultth
was assumed to represent the middle point of the cross section;
Thus, each experimental stress value consisted of an average of!
the individual contributions of the elastic deformation compo-

ation of time-dependent processes; thus, creep of the molyb-
denum at high temperatures was not considered.

A brief calculation shows that any further improvement to
e model should include creep effects. Estimation of the ther-
al, elastic, and plastic strain rate, respectively, yields

nents along the entire line corresponding to the sample height. d_T 5.0x 10°°(1400.0 02x 1065t 4
In this case, by simple symmetrg, ande, would be equiva- Tt K 3600 s S (4)
lent; thus, only one set of measurements was performed. Using

the generalized Hooke’s law, Eg. (3) and identical values, of 1/do\ 300 MP 1 L

and e, yielded o, = o,. However, this assumption was an E(E) O 3600 :(325 GP@) 02.6x10"s 5)

oversimplification, because the valuegfthrough the neutron
beam is different from the averaggvalue. As was the case in
Fig. 7(a), Fig. 7(c) shows a good agreement between the values i(d_(’) (300 MPa)( 1 a) 05.2x10°st  (6)
of o, close to the interface only, on the SiC side of the sample. Er\ dt 3600 s / \ 16000 MP '

However, significant differences were observed on the molyb-

denum side, as well as on the SiC side far away from the On the other hand, considering a factd¥,;,qying Of 0.51-0.58
interface. As noted earlier, the experimental stress values wereand a mean shear-stress value[d50 MPa, the estimated
computed by using average deformations and the generalizedvalue of the strain rate for molybdenum may be found within
Hooke’s law. In addition, another source of discrepancies for the range of 1-10"s%, which indicates that, for the tem-

o, involves creep processes. The numerical model included theperature and load that are involved in the process, the viscous
plastic behavior of the materials but excluded any consider- relief mechanism is much faster than the rate-independent plas-
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ticity. The plastic deformation of molybdenum is characterized JF JF
in the Appendix. dF = (%)d(f + <£>da =0 (A-2)
Considering the differences that have been encountered, a

further refinement of the model including a viscoplastic ap- where

proach would improve the confidence of the results and yield ol

a better fit to the experimental data. Nevertheless, it was pos- o =De (A-3)

sible to evaluate the results and visualize the particular aspects ol ol

and benefits of each approach, thus aiding in the interpretation de” = de - de (A-4)

of ceramic—metal stress analyses that are based on both experi- oF

mental and FEM data. deP' = 7‘% (A-5)
VI. Conclusions da = C de = C de” (A-6)

Here,D denotes the fourth-order elastic isotropic Hook ten-
sor ande® andeP' are the elastic and plastic part of the infini-
tesimal straire, respectively\ is the plastic multiplier, an€C

Thermomechanical residual stresses in SiC-Mo joints were
studied via neutron diffraction and finite-element (FEM) analy-
sis. Although differences were observed between the resultsis 5 material constant that is dependent on the elastic modulus
generated by these methods, the comparison showed that the o 4 ihe tangent modult;:
numerical and experimental techniques complemented each '
other in several aspects. As a result of diffusion bonding, high 2( EE;
residual compressive stresses were observed on the SiC side of C= 3\EZE (A-7)
the joints. These stresses were counteracted by tensile stresses T
close to the interface on the molybdenum side. The distribution |n the particular case whee; = 0, the classical ideal plastic
of stresses was affected by the cooling profile to which the model applies, i.eq = 0 and
diffusion couples were exposed. Slow cooling the samples dur-
ing the first 500°C was an effective way to reduce the ampli- = =F(o) =g-01"2 - 5o =0 (A-8)
tude of the normal component of stresg)( particularly within (0,0) = F(o) =3l00] I
the SiC adjacent to the interface. For samples that were hot- ) )
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