Considering the effect of killing time on the density
of oxides, Ueshima et al.'¥) reported that the shortening
of the killing time led to an increase in the density of Ti
oxides. The present study shows the same trend. The
reasonable interpretation may be that prolonging the
holding time before casting allows the Ti oxide that has
formed at the early stage to grow and float up, thereby
reducing the density of Ti oxide in steel plate. This pro-
posal can be supported threefold: (1) the oxygen level in
molten state (about 45 ppm) is higher than that in steel
plate (Table I), (2) steel T2 has higher oxygen content
than steel T1 due to its shorter holding time before cast-
ing, and (3) steel T2 has more uneven distribution of
inclusions because of its lack of time to allow larger in-
clusions to float up.

In summary, the timing of Ti killing had an effect on
the chemistry of inclusions. This, in turn, affected the
microstructure and the toughness of the HAZ. Reducing
the duration between Ti killing and casting resulted in a
higher density of TiO-dominant inclusions, which led to
a higher volume fraction of intragranular ferrite in the
microstructure and a better toughness of the HAZ.

The authors are grateful to China Steel Corporation for
permission to publish this note.
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Effect of Plastic Deformation
on Residual Stresses in
Ceramic/Metal Interfaces

YUNHONG ZHOU, KENIJI IKEUCHI,
THOMAS H. NORTH, and ZHIRUI WANG

Considerable effort has been made to develop
interlayer materials which minimize the residual stresses
produced by thermal expansion mismatch during ceramic/
metal joining. In spite of previous studies, it is still not
clear which combination of factors controls interlayer
selection.

Naka et al.m'! examined the joining of Si;N, to other
ceramics, such as alumina and zirconia, and to metal
substrates, such as Fe, Cu, Invar, Kovar, and AISI stain-
less steel, using amorphous Cu-Ti filler metal and con-
cluded that tensile strength of the joint decreased as the
difference in thermal expansivities of the ceramic and
the metal substrate increased. Also, the tensile strength
of ceramic/metal joints decreased as the product of the
thermal expansivity and the elastic modulus of the metal
substrate increased. Nicholas and Crispin!® also found a
clear relation between final joint strength and increasing
thermal expansivity mismatch during diffusion bonding
of alumina to different metal substrates. These results
were explained on the basis that high thermal mismatch
stresses facilitated joint failure at low applied loads. Based
on these results, the interlayer material should have a
thermal expansivity as close as possible to that of the
ceramics being joined.

On the other hand, when a relatively thick interlayer
material was placed between the ceramic and metal sub-
strates, Zhou et al.”” and Hamada et al."¥ found a re-
lation which appears to be quite the opposite, namely,
that increasing thermal expansivity mismatch was as-
sociated with higher joint strength. These results were
explained on the basis that the interlayer material yielded
during cooling after brazing, and that this relaxed the
thermal stresses produced at the ceramic/metal inter-
face. These results suggest that the use of low yield
strength/high ductility interlayer materials is the most
effective method of improving final joint strength.

In the present work, the effect of interlayer plastic de-
formation on the residual stress is studied using a revised
simple model of ceramic/metal joint.

The interplay between thermal mismatch stresses and
interlayer plastic deformation is easily illustrated using
a one-dimensional model of the ceramic/metal joining
operation, i.e., two parallel rods, the metal rod I and the
ceramic rod II, of the same length and cross-sectional
areas are fixed at one end and are restrained to move
together at their other end (Figure 1). In this case, it is
assumed that the displacement only occurs parallel to the
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Fig. 1— One-dimensional model for ceramic/metal joint (the metal
rod is I and the ceramic rod is II; temperature changes from 7, to T5).
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rod axes, and the thermal stress generated in the joint by
a given temperature change is given by the well-known
relation

EEy
E + Ey

o = AaAT [1]
where Aa = a; — ay and a; and oy are the thermal ex-
pansivities of the metal and ceramic rods, respectively,
AT = T, — T, is the temperature change, and E; and Ejy
are the elastic modulus of the metal and ceramic rods,
respectively. However, this relation applies only when
the thermal stress is lower than the yield stress of the
metal rod. When the thermal stress in the metal rod ex-
ceeds its yield strength, the determining equation for the
thermal stress should be changed, and the analysis is given
as follows.

Assuming a linear elastic-linear plastic behavior of the
metal rod (Figure 1), the thermal stress in the metal rod
following yielding, oy, is given as

O1y
01 = oy + Elp<51 - “E—) [2]

1

and therefore,

o — o 1y
g=——+— [3]
Ep E;
where E; and Ejp are the elastic modulus and linearly
hardening coefficient of the metal rod, respectively, oy
is the yield strength, and ¢ is the strain in the metal rod.

The strain of the ceramic rod, g, is

_On
én =

= 4
E. (4]

where oy and Ey; are the thermal stress and elastic mod-
ulus in the ceramic rod, respectively. If the differential
expansion of the two rods due to the change in temper-
ature is accommodated by the deformations which occur
in both materials, then the real elongation in both rods
should be equal to each other, AL, = AL, and therefore,

LATaI - LSI = LATC!H + LEH [5]

where L is the original length of the two rods, and o
and ay are the coefficients of thermal expansion of the
two materials, respectively. Since both rods have the same
cross-sectional area, then o; = oy = o, the nominal ther-
mal stress. Using Egs. [3] through [5], one can obtain
the following relation:

E - FE ELE,
o= (AaAT + = = 0’w> L [6]
IEIP E[I + EIP
Since Epp < E; and also Ep < Ey,
o = Oy + E[PAaAT [7]

It follows that the residual thermal stress in the rods is
given by Eq. [1] when the stress in the joint is less than
the yield stress of the metal rod and Eq. [7] when the
stress is larger than the yield stress.

When a high yield strength metal is employed, the
thermal stresses are determined by Eq. [1], and the ther-
mal expansivity difference between the ceramic and the
metal is obviously the critical factor. However, when
metal yielding occurs, thermal stress depends on both
the yield strength (o7y) and also the thermal strain term,
EpAaAT, but predominantly on the yield strength, be-
cause it is much larger than the second term in practice,
as indicated by Eq. [7]. As an example, consider bond-
ing between Si;N, and two different materials, copper
and molybdenum. The thermal stresses for the two cases
can be calculated based upon Egs. [1] and [7] with the
data shown in Table I, and the results are shown in
Figure 2. The linear hardening coefficient used in
Eq. [7] is calculated from yield stress, tensile strength,
and elongation. If the change in temperature is very small,
the residual thermal stresses are dominated by thermal
expansion mismatch, and Cu will have the highest ther-
mal stress. On the other hand, when the change in tem-
perature is large, the yield strength and the plastic
deformation due to the thermal stress play a major role,
leading to a very low residual stress in the Cu case and
a high residual stress in the Mo case.

Table I. Physical and Mechanical Properties of Materialst>-6!
Mechanical Properties
Coefficient of 0.2 Pct
Young’s Modulus Thermal Expansion Yield Stress Tensile Strength Elongation
Materials (GPa) (107°/K) (MPa) (MPa) (Pct)
Copper 129.8 17.0 48 216 48
Molybdenum 324.8 5.1 345 435 5to 25
SizN, 320 3.2 — — —
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Fig. 2—Relationship between thermal stresses and temperature change
for two ceramic/metal composites.

It is also important to point out that the actual
ceramic/metal joints are more complicated (e.g., the
thermal stress situation is a three-dimensional problem,
and the thermal stresses are produced during the cooling
period after the joining operation, etc.). Therefore,
Figure 2 can only be taken as an origin for a qualitative
consideration. From the above discussion, it is apparent
that interlayer yielding sometimes can play an important
role in controlling the property of the joint. It follows
that replacement of a ductile interlayer, such as copper,
by another metal, which has a lower thermal expansivity
but higher yield strength, may decrease final joint strength
due to a restricted plastic flow and subsequent relaxation
of thermal stresses. This effect has been observed during
alumina/steel joining, when a copper interlayer was re-
placed by nickel and resulted in cracked joints.")

In addition to the above factors, it is also important
to realize that the interlayer thickness and the mechanical
properties of the metal substrate will strongly affect the
yielding process. When a very thin copper interlayer is
considered, the restraint induced by the difference in the
elastic modulus and yield strength of the steel substrate
and the copper interlayer will inhibit the yielding pro-
cess. The restraint produced by a more rigid substrate
induces triaxial stresses in the adhesive layer and in-
creases the apparent elastic modulus and yield strength
during adhesive bonding.!”! This effect has been used to
explain why the tensile strength of low adhesive thick-
ness joints is much higher than that of the bulk adhesive.
If it is assumed that yielding of a thin copper interlayer
during ceramic/metal joining is similarly affected by the
mechanical properties of the metal substrate material, then
the apparent yield strength and apparent elastic modulus
value of the interlayer will be higher than expected. This
means that the tensile strength of bulk copper material
(measured using uniaxial testing) will be unrepresenta-
tive and much lower than that existing in the actual
ceramic/metal joint.

When the thickness of the interlayer material in-
creases, the restraint effect due to the metal substrate
becomes less important. The results have confirmed that
increasing Cu or Mo interlayer thickness decreases the
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Fig. 3— Effect of interlayer thickness on the finite element method-
calculated maximum residual stresses in Si;N,/steel joints when using
copper and molybdenum interlayers.!*!

finite element method-calculated thermal stresses pro-
duced in Si;N,/steel joints?® (Figure 3). Increasing the
Cu interlayer thickness has been associated with higher
joint fracture strength when joining alumina to steel™
and when joining alumina to steel using Al-Si interlayer
materials.!8]

Figure 3 indicates that the maximum thermal stresses
are lower when a copper interlayer is used, and that these
reach a constancy when the thickness of the copper layer
exceeds 0.5 mm. When a molybdenum interlayer is used
instead of copper, the thermal stresses also reach a con-
stancy when the insert thickness exceeds 1.5 mm. It fol-
lows that the elastic constraint due to the rigid steel
substrate is also important when thin molybdenum inter-
layer is used. In fact, when the interlayer is thick enough,
the stresses generated during ceramic/metal joining de-
pend only on the properties of the interlayer and the ce-
ramic material. The mechanical behavior of constrained
interlayers is very complicated;® detailed work is needed
to determine the relationship between the interlayer
thickness and mechanical properties of the ceramic/metal
joint.

In conclusion, the selection of interlayers for ceramic/
metal joining must consider not only the difference in
thermal expansion mismatch but also the influence of
interlayer stress-strain characteristics and interlayer
thickness. In practice, more attention should be paid to
the important role of the interlayer’s plastic deformation
in relaxing the thermal stresses produced during joining
operation.
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Measurements of Rapid Solidification
Rate in Highly Undercooled
Melts with a Video System

M. SUZUKI, T.J. PICCONE, and M.C. FLEMINGS

This article describes results of experiments using a
video system for direct measurement of dendrite tip ve-
locity in undercooled alloy melts and comparison of re-
sults with those obtained from optical temperature
measurements and with calculations using a dendrite
growth model based on the analysis by Boettinger er al.[!!

High-speed cinematography!®* and high-speed optical
temperature measurement systems!*>¢ have been used to
measure dendrite tip velocity. The strong points of high-
speed cinematography are its ability to measure rela-
tively high solidification rates and the high resolution
attainable on film. Wu et al.”® measured tip velocities
as high as 0.7 m/s in Ni-25 pct Sn alloy. Weak points
of this method are the inability to observe results im-
mediately and high cost.

In order to obtain an estimate of solidification rate using
an optical temperature measuring device, it is necessary
to calculate growth rate from recalescence time. It is not
possible to observe growth morphology by this method.

The experimental apparatus used in this work consists
of a high-frequency induction melter, a high-speed op-
tical temperature measurement system, and a mono-
chrome video system. The method for obtaining thermal
histories using the high-speed temperature measurement
system has been given elsewhere.** The video system
consists of a Cliftondale Electronics model FT-450
monochrome video camera, a PANASONIC* model

*PANASONIC is a trademark of Matsushita Electric Corp. of
Ainerica, Secaucus, NJ.

WV-5410 monitor, and a PANASONIC model AG-1830
video cassette recorder. The camera uses noninterlace
scanning, and the recorder performs field-sequential
playback, allowing the recording and observation of fields,
rather than frames composed of two superimposed fields.
The system provides 60 independent images per second.
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The video camera was set in the same horizontal plane
as a dual-wavelength pyrometer. The angles between the
pyrometer and the camera were 40 and 90 deg for 3.2 g
spherical samples and 10 g rectangular samples, respec-
tively. Actual magnification on the monitor is 17 times.
Measurement of thermal history and recording of video
images were conducted simultaneously. In order to ob-
tain solidification rate (dendrite tip velocity) from video
images, a sequence of images was traced, field by field,
on a transparency sheet from the monitor, and the po-
sition of the interface corresponding to the thermal front
was determined along approximately straight lines in the
direction of motion as a function of time.

The Fe-2 wt pct B and Fe-6 wt pct P alloys were used.
Samples were prepared by high-frequency induction
melting of iron pieces (purity 99.98 pct) with either iron
boride (Fe,B) particles (purity 99 pct) or iron phosphide
(Fe,P) particles (purity 99.9 pct). The samples of iron-
boron alloy, either 3.2 or 10 g in mass, were melted and
solidified within molten B,O; under argon atmosphere.
Samples of iron-phosphorus alloy, 3.2 g in mass, were
melted and solidified within borosilicate glass under argon
atmosphere. B,0O; was used instead of borosilicate glass
for iron-boron alloys to avoid reaction of boron with sil-
ica in the glass.

Figure 1 is a typical single field from a series of video
images of a spherical Fe-2 wt pct B alloy sample under-
cooled 165 K. Figure 2 is a similar field for a rectangular
Fe-2 wt pct B alloy sample undercooled 103 K. In these
figures, the white area represents the solidifying portion,
which is partially solid, and the dark area represents the
remaining undercooled liquid. The white region has a
higher average temperature than the dark region due to
the release of heat of fusion accompanying solidification
(recalescence).

The interface between the light and dark regions is a
narrow thermal boundary layer with a steep temperature
gradient. The actual dendrite tips must be within this
boundary layer, although they are submicroscopic in size
and cannot be resolved optically. The dendrite tips should
be smaller in size than the observed tips of the thermal
front by a factor equal to the ratio of the thermal and
solute diffusion coefficients in the liquid phase. For metal

Fig. 1—Typical example of a single field obtained during recales-
cence of a spherical Fe-2 wt pct B alloy sample undercooled 165 K.
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