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Overview 

Dynamic Mismatch Between Bonded 
Dissimilar Materials 

ChouH. Li 

In the bonding ofdissimilarmnterials, the 
coefficient of thermal expansion (CT£) re
lates to only the static or thermal equilibrium 
case, and does not represent most actual 
conditions (i.e., the service and processing 
temperatures are usually changing rather 
than fixed). This article outlines an approach 
that computes the effective, or dynamic, CTE 
mismatch. This dynamic mismatch varies 
with the bonded material shapes and sizes, 
surface characteristics, and heating or cool
ing conditions and times and may be several 
times greater than the corresponding static 
CTE mismntch. Unrelieved, the computed 
transient or dynamic thermal-strain mis
match may exceed the yield point of the 
metal, while the transient or dynamic mis
matc/1 stress often exceeds the flexural or 
compressive strength of the ceramic. Under
standing transient mismatch phenomena has 
led to new, unmatched metal-ceramic joints 
that withstand repented, rapid thermnl shocks 
and subsequent severe mechanical shocks. 
The final forced fractures occur outside the 
bonded regions, indicating defect-free joints. 

INTRODUCTION 

The joining of dissimilar materials has 
beE'n used widelytoformcomplex struc
tures with simple standard shapes, often 
combining the advantages of both mate
rials. Metal-ceramic joining, first devel
oped during World War II, has been 
used extensively in the electronics in
dustry.1 However, reliably strong and 
temperature-resistant joints are still not 
aYailable worldwide.2-3 

Thermally generated stresses and 
strains are critical factors in dissimilar 
materials joints. In metal-ceramic joints, 
differences in coefficients of thermal ex
pansion (CTE) between the metal and 
the ceramic produce thermal-mismatch 
stre�ses and strains. These stresses and 
strains determine the failure probability 
of the joint. 

According to McDermid et al.4,s and 
Mehan et al.,6,7 a large mismatch in CTE 
(f) between the metal and ceramic
(namely, Af = 10-S °C-1), results in failure
of the joint at the metal-ceramic inter
face. These failures are caused by the
high stresses generated during cooling
from the bonding temperature.

However, such CTE mismatches re-
late to only the static, or thermal equilib
rium, case. They do not truly represent 
dvnamic or transient conditions when 
the joint is being heated or cooled. Yet 
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such transient or dynamic conditions 
always exist during the manufacture or 
service of the joint. 

An important problem with common 
joining processes is the understanding 
and control, over a period of time, of 
dynamic mismatches in temperatures, 
CTEs, and thermal strain and stress pro
files and gradients in the joint region. 
This article describes such dynamic mis
match phenomena and proposes spe
cial, laterally graded composition and/ 
or physical-property profiles of the joint 
region. 

As will be shown, the computed dy
namic mismatches in expansion strain 
may, if unrelieved, exceed the yield 
points of even the metallic joining mate
rials. The dynamic mismatch stresses 
also often exceed the flexural or even 
comprehensive strengths of the ceramic 
materials. What fails most metal-ceramic 
joints, or causes most ceramic coatings 
to crack, peel, flake, or spall, is, there
fore, the dynamic, rather than the static, 
thermal-expansion mismatch. Through 
this dynamic mismatch approach, one 
can determine the location, magnitude, 
and occurrence time of the maximum 
dynamic-mismatch stresses and strains. 
One can also devise simple procedures 
to estimate the joint strength and to re
duce these critical stresses and strains on 
the relatively weak ceramic. 

STATIC MISMATCHES 

Thermal Strains and Expansion 
Coefficients 

The linear CTE (f) is defined as the 
thermal expansion per unit length per 
degree Celsius. It refers to only the static 
or thermal equilibrium case. For a given 
material, this coefficient is a constant for 
a temperature range of interest. Within 
this range, therefore, the CTE does not 
depend on the initial and final tempera
tures, specimen geometries, sizes, diffu
sivities, surface characteristics, and heat
ing or cooling rates and other condi
tions. Each material has its own single, 
unique, static CTE for a given tempera
ture range. 

During a cool-down process, the static 
thermal shrinkage (or negative expan
sion) strain (e) for a given material is, by 
definition, the static CTE (f) multiplied 
by the cooling temperature range (tm): 

e=ftm 

For a steel rod with a CTE of f, coolirg 
through a temperature range of 6.u,, the 
strain is e

5
• Similarly, for a rod of Macor 

(Coming's machinable glass-ceramic)8 

with a CTE of fID cooling through a tem
perature range of 6.um, the shrinkage 
strain is em. 

Macor is machinable on conventional 
metalworking machines. The key to its 
machinability is its two-phase micro
structure of randomly oriented mica mi
crocrystals in a glass matrix. During 
machining, cracks are propagated in the 
direction of the applied force. These 
cracks are deflected by the microcrystals 
to the surface. According to Corning, 
Macor has a CTE of about 9.35 x 1()-' 
0c�1, and can be sealed to 52% nickel 
alloys, chromium-iron stainless steel, 
platinum, and other materials by using a 
special glass frit from Corning.8 

In the static case, the materials· of a 
steel and Macor joint are always in con
stant thermal equilibrium. That is, um =
u, for all times. At the beginning of cool
ing (time t = 0), both materials are at the 
same brazing temperature of u

0
• At any 

time during the cooling after the joining 
by, for example, brazing, the cooling 
temperature ranges for steel and Macor 
are always the same in the static case. 
Thus: 

6.U rn = Uo - Um= 
uo-u

s 
= 6.u

s 
= 6.u 

Usually, one assumes that both the 
steel and Macer are homogeneous, de
fect-free, and perfectly joined together. 
In addition, the static thermal-mismatch 
strain is not relieved, modified, or ad
justed in any way. In this simple case, 
this static mismatch strain between steel 
and Macor is: 

l!i.e = e, - e
m 

= (£. - fm)du =
constant · 6.u 

DYNAMIC MISMATCHES 

Temperatures 

Dynamic mismatches result from the 
factthat metals and ceramics have widely 
different thermal conductivities.9 Dur
ing heating of a metal-ceramic joint, the 
temperature of the ceramic lags behind 
that of the metal, often markedly so; 
during cooling, the opposite is true. This 
produces different temperature profiles 
in the metal and ceramic at a particular 
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time on either heating or cooling. Dy- ceramic cylinders is well known. The differential, reaching a maximum of 
namic mismatches in temperatures, ef- solution of the cylindrical heat-conduc- 775°C at t = 1,000 s. After both rods are 
fective CTE, thermal strains (i.e., expan- tion problem consists of an infinite se- significantly cooled, the temperature 
sions on heating or shrinkages on cool- ries. Each term of the series is a product differential decreases. Beyond 29,900 s 
ing), and thermal stresses (strains multi- of a Bessel's function and an exponential (8.3 h), for example, both rods are near 
plied by Young's modulus) then result. function, as given in various textbooks room temperature at 20°C. The maxi-

In reality, after the actual brazing to on heat conduction (see, for example, mum temperature mismatch or differ-
produce the metal-ceramic joint, only at Reference 11). One can thus determine ential of 775°C alt= 1,000 s produces the 
the beginning of the cooling (t = 0) are the temperature profiles at different lo- maximum or critical dynamic mismatch 
the two materials at the same brazing cations (i.e., radial positions [r] in a cy- stress and strain, as shown in Figure 1. 
temperature of u

0
• At any subsequent lindrical end-to-end joint) at various By comparison, for a 2.54 cm-diam-

cooling time after the brazing ( t > 0), the times. At the critical time (t_) the critical eter steel-Macorjoint, themaximum tern-
ceramic h; at a higher temperature than profile of the temperature differentials perature mismatch of 727°C at the axial 
the metal. There is, therefore, a nonzero and the associated, maximum transient center occurs sooner (i.e., at 440 s) after 
dynamic temperature differential (8u). dynamic thermal-mismatch stresses and cooling. 

Consider the special case of a long strains obtain. 
Thermal Strains and Expansion metal rod joined end-to-end to a long Table I gives the step-by-step tern-
Coefficients ceramic rod of the same diameter, D = 2r. perature changes of a 5.08-cm diameter, 

Themetal isSAE 1010carbon steel, while cylindrical end-to-end steel-Macer joint The dynamic thermal expansion coef-
the ceramic is Mac or. The joint is brazed for the temperatures of steel and Macer, ficients (f*) and the resultant dynamic 
at 950°C and is, for a worst-case condi- respectively, at the cylindrical axes (r = thermal-mismatch strains (6e*) and 
tion, suddenly air quenched in a 20°C 0) for t= 0 to 41,800 s after cooling from stresses (s*) strongly depend on the joint 
environment.JO the brazing to near-room temperature.JO materials, geometries, sizes, physical and 

The following assumptions are made The computer simulation results in Table surface properties, and heating or cool-
in the computation of the dynamic or I also give the maximum temperature ing conditions. Starting with zero strain 
transient mismatch stresses and strains: differential between steel and Macor at on ·cooling from the brazing tempera-

• The steel and Macer cylinders are the axial center point (i.e., 8.u = u
m 

- u,>' ture of 950°C, the dynamic strain in the 
infinitely long and have only sepa- at different cooling times. steel rod is: e\ = f

5
8.u", where 8.us = 950 -

rate and independent, radial heat Immediately after brazing (t = 0), this u
5

, while in the Macer rod, e* m = fm8.um, 
conduction. There is no axial heat differential is zero because both the steel where t;u,,, = 950 - um. Also, u, ;, um and 
flow from one material to the other. and Macor are at the same brazing tern- 8.u

s 
=t 6u

m
. The difference in dynamic 

• Biaxial or triaxial stresses and strains perature of 950°C. Subsequently, the mismatch strain is: 
are not considered. faster cooling of the steel increases this 8.e* = f,6u

s - f
m
8.u

m • Only elastic strains and stresses are
treated. Table I. Computed Dynamic Temperature Under the pure cylindrical heat-con-

• Strain and stress relief through p las- Mismatches in a Steel�Macor Joint duction model, the computed dynamic 
tic deformation or other mecha-

I (s) u
"' (

°

C) u. (°C) 6.u (°C)
or transient mismatch strain reaches a 

nisms is ignored. maximum of about 0.0123 at t = 1,000 s, 
• Both materials are homogeneous 0.0 950 950 0 as shown in Figure 2. Such a high strain, 

6.0 950 947 3 and free of any defects such as pores, 12.0 949 935 14 if not relieved or reduced, would exceed 
voids, microcracks, inclusions, or 23.9 949 901 48 the yield point of the steel, which is 
second phases. 35.8 949 867 82 joined to the even more rigid Macer. 

• The two materials do not have el- 47.8 948 835 113 The dynamic (or effective) CTE mis-
emental interdiffusions, undergo 59.8 948 804 144 match (Af') can be computed by divid-
phase changes, or otherwise suffer 89.6 948 731 217 ing the dynamic mismatch strain (6e*) 
modifications in physical and 119 947 665 282 by the average cooling temperature range 
chemical properties. 239 935 456 478 [i.e.,8u,, =950-(u, + u

m
)/2]. For the5.08 

• There are no intervening bonding 358 918 316 503 cm, steel-Macer end-to-end joint cool-
material layers of different chemi- 478 901 220 681 ing from 950°C to 20°C, this dynamic 
cal, thermal, and mechanical prop- 598 884 155 729 CTE mismatch depends greatly on the 
erties than those of the steel and 717 868 112 756 cooling time and conditions. A maxi� 
Macor. 836 851 82 769 mumcomputeddynamicCTEmismatch i 

In a metal-to-metal joint, the as- 956 835 62 773 of about 29.6 x 1� 0c-1 orcurs at a cool- ' 

sumption of pure radial-heat conduc- 1,200 804 39 765 ing time of 90 s, as shown in Figure 3. 
tion in the cylinders is obviously not 1,792 731 23 708 Such a high dynamic CTE mismatch is 
valid. However, if one or both cylinders 2,390 665 22 643 intolerable, according to McDermid and 

3,580 551 22 528 n 

are made _of thermally insulating materi- Mehan.4-7 

als such as ceramics, this assumption is a 4,780 456 21 436 Figure 4 shows that for the 5.08 cm f 
5,980 379 21 358 steel-Macor rod joint cooling from 950°C C 

good start. Mainly because of the radial- 2 
heat-conduction assumption, the tern- 7,170 316 21 296 to 20°C, the computed effective or dy-

9,560 220 21 199 ' 

perature in each cylinder is uniform at a namic CTE mismatch, 6f* = (f\ - f*m)a,·' g 12,000 155 21 134 
given radius. To provide a more detailed 14,300 112 21 91 is more than two to five times greater 
analysis, if any one or more of these than the corresponding mismatches for " 

19,100 62 20 42 E 

assumptions were not made, would be the static or equilibrium case, for cooling .!!; 

23,900 39 20 19 " 

extremely difficult. At this time, the com- 29,900 27 20 7 times of 10 s to 6,000 s. This ratio of .!:1 

dynamic CTE to the static CTE reaches a E 

parative errors from the above assump- 35,800 23 20 3 m 
C 

tions are not known, even qualitatively. maximum of 5.3 at t = 75 s. > 
41,800 21 20 1 a 

Hence, any expensive, time-consuming Data Used in Calculations: Rod diameter D "' 5.08 cm. Thermal Mismatch Stresses 
analysis is not justified. Surface heat-transfer coefficient "' 0.039 per cm for both 

Fii The Fourier equation for independent steel" and Macor. Thermal diffusivity== 0.108 crn'/s for To compute the dynamic mismatch steeP' and 0.0054 cm' /s for Macor.8 CfE of steel"= 14.3 x st, radial-heat conduction in long metal and 10"" °C'; CfE of Macor""' 9.35 x 10"' 0c -1• stresses, one may further neglect the pres-
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ence of the braze and the metallized 
layers, and use a Timoshenko approach, 14 

as follows. 
Consider a portion of the steel spec

imen of UI\it length and unit cross-sec
tion, brazed together with a Macor speci
men of equal length and cross-section. 
At a given time after cooling from the 
brazing temperature, the temperature 
of the steel is us and d.us = 950- U

5
, while 

the temperature of Macor is um and d.um 
= 950 - um. The steel specimen has thus 
shrunk from unit length to 1 - f,8u

5
, 

while the Macor has shrunk to 1 - fmlium 
(Figure 5). The steel has shrunk more 
than Mac or, since both ( and 8u

5 
are 

greater than fm and d.um, respectively, To 
maintain joint integrity, the originally 
stress-free but overshrunk steel must be 
stretched with dynamic tensile stress s,* 
by the adjoining Macor to length y from 
length 1 - f58U

5
, while the undershrunk 

Macor must be compressed with dy
namic compressive stress sm *by the steel 
to the same length y from length of 1 -
fmilum (Figure 5). 

Hence, the tensile stress in the steel is 
s,' = E.(y-1 + (Llu,)/(1-f,Llu,) 

where e, is the Young's modulus of steel 
(2.11 x 10' kg/mm'). 

The compressive stress in Macor (sm *) 
is 

s,' = Em(l - fmt;um -y)/(1- fmilum) 
where Em is the Young's modulus of 
Macor (3.52 x 10' kg/mm')." 

Apparently, s,* = sm *. Hence, 
y = [ (1 - fmilum)Em + 
(1-f,liu,)]/(E, +Fm) 

The computed stresses, shown in Figure 
6, exceed 37.1 kg/mm', well above 

u 800'--
� 700 
C 600 � 
� 500 
� 400
� • 300� 
E 200 

10' 103 10' 
Cooling Time (s) 

Figure 1. The variation of temperature mis 
match with time. 

s_ 0.01 
j 0.005

-5 0.002 
I 
" 

0.001 
·� 0.0005
[0 

10' 102 103 

Cooling Time (s) 
10' 

Figure 2. The variation of dynamic mismatch 
strain (.M"') with time. 
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Figure 3. The variation of dynamic GTE mis
match with time. 
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·"'
"

I 4 

� 
¥ 
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i·" 
E � 2C 
-0 

10' 10' 10' 10• 
Cooling Time (s) 

Figure 4. The ratio of dynamic to static GTE 
mismatch with time. 

Macer's flexural strength of 10.5 kg/ 
mm2 or even its comprehensive strength 
of 35.2 kg/mm'. 

Statically, Macor only marginally 
"matches" a few low-expansion metals.8 

Because of the high dynamic mismatches 
in CTE, strain, and stresses, the inad
equate mechanical strength and thermal 
resistance of most conventional metal
ceramic joints in general, and steel-Macor 
joints in particular, are not surprising. 
MECHANICALLY EQUIVALENT 

STRESS 

Stresses are stresses no matter how 
they originate. Stresses due to externally 
applied loads, internal residual stresses, 
phase transition-induced stresses, ther
mal-mismatch stresses, and their combi
nations all cause the weaker ceramic to 
fail, precisely when the combined stress
es exceed a certain fracture strength of 
the ceramic. This failure always occurs 
at the moment of maximum tempera
ture differential between the metal and 
ceramic 

Qualitatively, the higher the allow
able air or water-quench temperature or 
severity, the higher the actual dynamic
mismatch stress and joint strength. From 
the above analvsis, there is even a calcu
lable maximuD:1 "mechanically equiva
lent stress" from each quench treatment. 

With standardized coolirig or quench
ing conditions, such as rapid (e.g., within 
0.5 s) 20°C air-cooling or ice-water 
quenching, there is a one-to-one corre
spondence between the joint strength 
(at, for example, 20'C) and the allowable 
initial cooling or quenching tempera
ture. This temperature can thus be a 
direct measure of the mechanical 

strength of the joint with a specific joint 
configuration (e.g., cylindrical, end-to
end) and size (e.g., 5.08 cm in diameter). 

Standard tensile or flexure tests are 
often difficult for metal-ceramic joints 
because of the critical jigging, sample
alignment, and loading requirements. 
Actual metal-ceramic joints often also 
have complex. geometries, and special 
material, size, or composition and prop
erty profile combinations. All these con
ditions can make the standard mechani
cal test results difficult to reproduce and 
extrapolate to actual service conditions, 
or to determine if valid specifications 
have been met. 

Yet, a controlled cooling or quenching 
test is simple and fast. It can be applied 
to a joint of any practical shape and size. 
There are no errors due to sample jig
ging, aligning, and loading. Nor are there 
any unknown joint damages due to han
dling prior to or during the actual test
ing. The results are often more relevant 
and immediately useful without ex
trapolations as to sizes, shapes, joint con
figurations, and thermal shock environ
ments. It is particularly useful and cost
effective for the following cases: 

• Joints of complex geometries and
shapes.

• Very large or small samples.
• Joints of combinations of materials

with widely different mechanical
properties.

• Joints that fail under dynamic cool
ing or heating conditions, which are
difficult to duplicate on standard
testing machines.

• Joints of delicate parts that are hard
to jig, align, or load. For example, it
would be not only verv costly but

Steel 

Macor 

�
lenglha1 - f���1� 
at 950'C 

Figure 5. A schematic diagram used in the 
calculation of dynamic mismatch stresses. 
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Figure 6. The variation of dynamic mismatch 
stresses with time. 
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difficult to develop the necessary 
equipment and procedure for de
termining the bond strength of an 
irregular diamond crystal bonded 
onto a copper substrate for elec
tronic heat-sink applications. 

• Peeling, spalling, microcracking,
and adherence to substrates of thin
films.

MINIMIZING DYNAMIC 

MISMATCH 

The dynamic-mismatch strains and 
stresses computed above were unex
pectedly high. Therefore, new methods 
must be developed to minimize the dy
namic mismatch stresses on the rela
tively weak ceramic. The following two 
methods, used singly or in combination, 
will reduce these high dynamic-mis
match stresses and strains: 

• Radially grading the thermal con
ductivity, CTE, and Young's modu
lus of the braze metal, to ensure that
the maximum residual mismatch
stress, after absorption in the braze,
will not exceed the local material
strength in the ceramic at any loca
tion or time.

• Providing a soft, yieldable braze
metal layer to absorb within this
layer much of these mismatch
stresses so that the relatively weak
ceramic is no longer subjected to
high stress.

These methods may involve the use of 
a composite, radially graded braze disk. 
Such a disk has a pure copper central 
core, which is placed inside the opening 
of an outer 70:30 cartridge brass ring or 
washer. The CTE of pure copper is 16.5 x 
1Q-6 °C -1 , while thatofthecartridge brass13

is 19.9 X lo-6 °c-1 . Also, the Young's 
modulus of the brazing-annealed, dead
soft pure copper is much lower than that 
of the cartridge brass. The thermal 
conductivity of the pure copper central 
coreat 0'Cis4.03 W /(m-K), while that of 
the outer cylindrical tube with 30% Zn in 
Cu is 1 . 14 W /(m-K).0 

The combination of high thermal con
ductivity and low CTE and Young's 
modulus in the core region of the joint 
achieves the required results. In a steel
ceramic joint, the maximum dynamic 
mismatches in temperatures, CTE, and 
thermal strains or stresses occur at the 
axial centers of the interfacial region. A 
dead-soft, brazing-annealed, pure cop
per therefore occupies the core region. 
This copper has a small Young's modu
lus and a yield strength less than the 
fracture strength of the ceramic. It is 
easily deformable to absorb and relieve 
much of the dynamic-mismatchthermal 
strains and stresses. Pure copper also 
has a relatively low CTE to reduce these 
mismatch effects in the first place. In 
addition, the copper is a good thermal 
conductor, equalizing the temperature 
between the metal and ceramic to fur-
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ther minimize mismatch strains and 
stresses. 

On the other hand, the periphery of 
the braze disk is made of relatively more 
expansive but thermally lower-conduct
ing 70:30 brass. At the peripheral region, 
the mismatch-temperature differentials 
are relative small. The higher Young's 
modulus of the cartridge brass is even 
desirable at the peripheral region to en
hance the joint rigidity. 

This composite braze disk design will 
thus provide the radially graded pro
files of braze composition, CTE, ductil
ity, and thermal conductivity needed to 
minimize thecritical dynamic-mismatch 
stresses. 

The composite braze metal disks can 
be made by, for example, multiple print
ing, metallurgically cladding, or me
chanically press-forming a sphere or disk 
inside a washer, or by slicing concentric 
metal tubes of graded compositions with 
a solid pure-metal core. 

Elemental interdiffusion during braze 
manufacture, the brazing operation, or 
special pre- or post-brazing heat treat
ments produces a more diffused compo
sition profile in the braze disks and leads 
to efficient lateral-grading results for a 
given transverse size of the bonded re
gion. More description of the radially 
graded seals is given in Reference 15. 

If these tvvo methods are still insuf
ficient to prevent dynamic thermal-mis
match failures, the conventional axial 
elemental grad ing or composition 
changes may also be added. Instead of 
copper (melting point 1 ,083'C), one can 
select other yieldable metals such as sil
ver (961 .9'C), gold (1 ,064.4°C), tin 
(232.0'C), zinc (419.6°C), lead (3275°C), 
antimony (630.S'C), cadmium (320. 9°C), 
aluminum (660.4°C),  magnesium 
(648.8°C), gallium (29.8°C), indium 
(156.4°C), thallium (303.S'C), or bismuth 
(271 .3'C), with the appropriate alloying 
elements needed for grading. 15 Higher
melting braze metals may also be used 
for high-temperature structural metal
ceramic joints. 

NEW METAL-CERAMIC JOINTS 

A better understanding of the science 
of metal-ceramic bonding, such as the 
dynamic matching approach given in 
this paper, has enabled the development 
of many difficult-to-make metal-ceramic 
joints. Fot example, "unmatched" graph
ite-carbon steel (SAE 1 01 0) joints have 
been repeatedly made that withstand 
rapid air quenches from 950°C and ice
water quenches from 800°C. 10 These 
joints are almost indestructible mechani
cally when repeatedly pounded with a 
340 g hammer or other heavy-metal ob
jects, confirming their excellent flexure
test results.16 Forced fractures of the joints 
occur away from the bonding interfaces, 
indicating defect-free bonding regions. 

In thermomechanical shock resistance, 

these metal-ceramic joints compare fa
vorably relative to ceramic materials for 
the U.S. Department of Energy (DOE) 
automotive-engine program. 17 Even the 
best Japanese metal-ceramic joints ma de 
with expensive, "matching" high-alloy 
steels have maximum practical useful 
temperatures of only 600'C.2 The DOE 
ceramic engine materials, developed 
during the past ten years at high cost, are 
only specified to withstand air quench
ing from unspecified high temperatures 
to 204°C in 30 s, not the 10,000 times 
more severe water quenching to 0°C in 
less than 1 s.17 

ACKNOWLEDGEMENTS 

Professor Franklin F .  Wang of the State 
Un iversity of New York at Stony Brook 
provided valuable discussions on this paper. 
This work was partly supported by U.S. 
Department of Energy contract no. DE
AC02-86ER80382 . Additional support was 
received from private sources and the New 
York State Science and Technology Fou11da
tion. 

References 

1 .  W.H. Kohl, Handbook of Methods and Techniq�e, _for \ ·acu�m 
Devices (New York: Reinhold Pub!ishmg, 1967) 
2. T._ Su_ga, "Current Research and Future Outlook ir, _iapan_,'' Des1gn_,ng interfaces_ for Technologica/ Appl1wlwns: Ceramic· 
Ceramic and Ceramic-Metal Jommg, ed. S.D. Peteve, (New 
York: American Else\ier, 1989), pp. 235--245 
3. K Cetyn, "Current Research on Ceramic Joinin;::: in Eu· 
rope," Designing Jntcrfaces for Technological Appl1ca! ,,_,ns: Ce· 
ramie-Ceramic and Ceramic•Me!al foining. ed. S.D Peteres 
(New York American Else,ier, 1989) pp. 265---270 
4. ].R McDermid et al., The Joining of Nwbium to .kcaction• 
&nded Silicon Carbide, Processing of Ceramic and Mft.::'-Matrix 
Composites, ed. H. Mostaghaci (New York Pergarm'n, 19891, 
pp. 293-301 .
5. J.R McDennid eta!, 'The Interaction o f  Reaction-Bonded 
Silicon Carbide and lnconel 600 v.ith an Iron-Base,! Brazing 
Alloy," Can. Met. Quarl . (1989). 
6. RL. Mehan and RB. Bolon, f. Mat. Sci., 14 ( 1979\, C'P- 2471-
2481 .
7. R .L Mehan andM.R ]ackson, Mat.Sn. Research .,  c,J. 14,ed
J.A. Pask and A. Evans (New York: Plenum Press 1 981), pp. 
51 3-523. 
8. Coming Technical Bull. Nos. MARC0-04 and \lARC()-()6 
(Coming, NY: Coming Glass, 1984). 
9. D.R. Lide, ed., Handr>ilok of Chrniis111i and Ph11,1c.- 72nd ed 
(Boston. MA: CRC Press, 1991 ) 

- -

JO. CH. Li, "Improved Brazing Techniques for \lachinable 
Glass Ceramics," Final Report to OOE Contract No. DE· 
AC02-86ER80382 (1986) 
1 1 ,  H.S. Cars\aw and J.C. Jaeger. Conduction a_( H,.,i in Solids, 
2nd ed. (New York: Oxford, 1959). 
12. J.B. Austin, The Flow of Heat in Metal> (Material, Park,OH 
ASM, 1942). 
13. ASM Handr>ilok, 10th. ed. (Materials Park OH: AS�. 
1990). 
14. S. Timoshenko, Strength of Materia ls. 3rd. Ed ' .'\ew York 
Van Nostrand, 1958). 
J 5. C.H. Li, "Graded Metal-Ceramic .\1icrojcnn:� :n Parallel," 
Metal-Crramic Jainins. ed. P. Kumar and \' A Greenh_ul (Warrendale, PA: TMS, 1991), pp. 21 9-227. Ab", Cera1TUr· 
Md�l Bonding, t.:.S. patent 4._8g(\,ifn (19901. _ _ • 16. C.H. Li, "lmproved Brazmg Technique t,10 Graphill' 
Final Report to OOE Contract No. DE-AC02-�"!:R80769aM 
New York State ERDA Contract No. 1407-ERER·ER-90(199f, 
17. LJ. Lindberg, "Durability Testing of Cera:-r.,c Materia� 
for Turbine Engine Applications.'' Proccc,fr,_i• ,,( the 241( 
DOE Automotive Dtr.>elopmenl Contractors' M,,: , ,, s; (1987), Pf 
149-161.

ABOUT THE AUTHOR 
Chou H. Li earned his Ph.D in metallurgy a: 
Purdue Un iversity in 1 951 . He is currentl)' 
president of Lintel Technology. Dr. Li is also a 
member of TMS. 

If you want more information on this subject 

please circle reader service card number 57. 

a a 0 

)OM • June 199' 


