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Abstract

The microstructure and mechanical properties of reaction formed joints of Refel™ reaction bonded SiC (RB-SiC) and Hex-
oloy™ sintered SiC were studied in order to achieve a better understanding of the influence of base materials and joining process
parameters on the high temperature strength of reaction formed joints. Transmission electron microscopy (TEM), scanning electron
microscopy (SEM), and optical microscopy were used to characterize the joints prior to mechanical tests. The microstructural
analysis indicated that the joints consist of silicon carbide (SiC) grains (with grain sizes ranging from 0.1 to 2 pm) and crystalline
silicon as an intergranular phase. Most of the silicon carbide grains in the joint have hexagonal crystal structure with certain pre-
ferential orientations related to the silicon matrix. The high temperature strength of joints was measured by constant strain rate
experiments in compression where joints were forming 45° with the compression axe. The strength of the joined Refel RB-SiC has
been found to be at least equal to that of the bulk materials (550 MPa at 1235°C and 400 MPa at 1385°C). The joined Hexoloy
specimens had strengths (1.4 GPa at 1290°C and 750 MPa at 1420°C) lower than the bulk material but higher than the joints of RB-

SiC. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In recent years, there has been a surge of interest in
the research, development, and testing of silicon car-
bide-based monolithic ceramic and composite compo-
nents for a number of aerospace and ground-based
systems. The engineering design often requires fabrica-
tion and manufacturing of complex shaped compo-
nents, which are quite expensive. In many instances, it is
much more economical to build up complex shapes by
joining together geometrically simple shapes. However,
the joints must have good mechanical strength and
environmental stability comparable to the bulk materi-
als. In addition, the joining technique should be prac-
tical, and reliable.

The majority of the techniques used today are based
on the joining of monolithic ceramics with metals either
by diffusion bonding, metal brazing, brazing with oxides
and oxynitrides, or diffusion and friction welding.!=3
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The joints produced by these techniques require either
high temperatures for processing or hot pressing (high
pressures) and have different thermal expansion coeffi-
cients than the parent materials. In order to obtain
ceramic joints with high temperature capability, ceramic
joint interlayers have been produced via pre-ceramic
polymers, in-situ displacement reactions, and tape cast-
ing/reaction bonding techniques.®> These ceramic
joints have certain limitations related with the sig-
nificant amounts of porosity, low strength, and/or poor
control of the joint microstructure.

The reaction forming technique reported here is
unique in terms of producing joints with tailorable
microstructure and properties. Fabrication of joints by
this approach is attractive since the thermomechanical
properties of the joint interlayer can be tailored to be
very close to those of the silicon carbide based materi-
als. In addition, high temperature fixturing is not nee-
ded to hold the parts at the infiltration temperature. A
wide variety of silicon carbide-based ceramics (reaction
bonded, sintered, CVD, etc.) and fiber reinforced com-
posites have been joined using this approach.4 In
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previous studies, flexure tests were used to characterize
the room and high temperature mechanical properties
of joints in monolithic silicon carbide-based materi-
als.!®!15 However, these joints are expected to
encounter various types of stress conditions. In order to
obtain detailed information of the mechanical behavior,
it became apparent to use a test where the imposed
stress and the strain rate can be directly measured.
There is also a need for compressive and shear strength
data of joints that can not be provided by the flexural
tests.

In this paper, the microstructure and compressive
mechanical properties of reaction formed joints in
Refel™ RB-SiC and Hexoloy™ sintered SiC materials
are presented. Optical, scanning and transmission elec-
tron microscopy have been used to characterize the joint
microstructure. The high temperature compressive
strength of joints (scarf butt geometry) has been mea-
sured up to 1420°C in air. The test specimen geometry
requires a small amount of material and the stress and
strain can be directly measured. The compressive
strength of joints has been compared to that of bulk
material.

2. Experimental procedures

The RB-SiC and sintered SiC materials used in this
study were provided by Pure Carbon Co., PA, USA and
Carborundum Co., Niagara Falls, NY, USA, respec-
tively. Refel™ (RB-SiC) materials were fabricated by
the reaction bonding of coarse and fine silicon carbide
grains with silicon using a liquid silicon infiltration
process. Hexoloy™ materials were fabricated by sin-
tering of alpha-SiC. As-processed samples were sec-
tioned, mounted, and polished for metallographic
studies. For joining studies, 6 x3 cm size silicon carbide
pieces were machined from SiC plates. These pieces
were cleaned in acetone and dried.

Experimental details of the joining process have been
given in other publications.®~!# The joining steps include
the application of a carbonaceous mixture in the joint
area and curing at 110-120°C for 10 to 20 min. Silicon
in paste form is applied in the joint region and heated
up to 1425°C for 5-10 min. The molten silicon reacts
with carbon to form silicon carbide with controllable
amounts of silicon. The silicon content of the joint was
measured from optical micrographs using a semiauto-
matic image analyzer (Videoplan, Kontron Electronik).

TEM specimens were cut from the joined samples and
thinned to electron transparency using standard techni-
ques. Special care was taken to ensure that the thinned
region contained part of the joint. Microstructural
observations were performed using a Philips CM200
electron microscope operating at 200 kV (Electron
Microscopy Service, Seville, Spain).

For mechanical property measurements, small paral-
lelepipeds of 2.3x2.3x4 mm were machined from the
large specimen. The specimens were tested in compres-
sion at a constant strain rate of 2x107> s~! for tem-
peratures ranging from 1235 to 1420°C, in air. Testing
was performed using a screw driven Instron universal
testing machine model 1185 with a furnace mounted on
its frame. Alumina rods with SiC pads were used. The
load/time behavior was monitored on a chart recorder.
The specimen geometry is shown in Fig. 1 where the
joint is at a 45° angle with the compression axis.

3. Results
3.1. Microstructural characterization

The microstructure of the as-received RB-SiC is com-
posed of very large a-SiC grains (with sizes up to 30
pum), and considerably smaller grains (with sizes ranging
from 1 to 5 um). The large SiC grains have a very uni-
form crystalline structure without many stacking faults
and other defects. The small grains are perfectly adap-
ted to the grain boundary of the large grains, and other
areas are filled by silicon (the volume fraction of silicon
is 10.54+0.8%).

The sintered SiC is composed of a-SiC grains with
sizes ranging from 0.5 to 5 um. The grains have hex-
agonal crystal structure and stacking faults are very
common. Pores in triple points were frequently found.
These pores are due to incomplete sintering and are not
due to preferential thinning because they are also
observed by optical microscopy.!%!!

The typical microstructure of the joints is shown in
Fig. 2. The white and gray areas are Si and SiC,
respectively. The silicon is finely distributed in regions
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Fig. 1. Test geometry.
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Fig. 2. Optical micrograph of the undeformed joint: (left) RB-SiC; (right) Sintered SiC.

of approximately the same size as the SiC areas. The
silicon areas are clearly smaller in the joint than in the
RB-SiC (Fig. 2a) and about the same size as the triple
points in the sintered SiC (Fig. 2b). The joint thickness
for the RB-SiC and sintered SiC were 58.2+1.2 pm and
63.110.6 um respectively. The volume fraction of silicon
in the joint was 7.3+£2.2%.

In Fig. 3, TEM micrographs of the SiC/joint inter-
phase in RB-SiC and sintered SiC are shown. In both
materials, the interphase is very sharp and does not
show any evidence of cracks or other macroscopic
defects. Sometimes dislocation networks were observed
next to the interphase. Si/SiC, Si/Si or SiC/SiC inter-
faces were found forming the SiC-joint interphase,
although the first one seemed to be more predominant.

In Fig. 4a, a micrograph of the joint microstructure is
shown. The microstructure of the joint was similar for
both types of joined materials. The grain size was 0.85
0.70 pm with most of the grains ranging from 0.1 to 0.5
pm, and with some grains with sizes up to 2 pm. Fig. 4b
shows a detail of the joint where the matrix between
grains can be observed. This matrix is crystalline Si, as
can be deduced from the diffraction patterns shown as
an insert on Fig. 4b, where the matrix is oriented on the
[112] (left) and [011] (right) zone axis.

Most of the grains inside the joint were o-SiC. Fig. 5a
shows an a-SiC grain oriented on the [0001] zone axis
(the diffraction pattern is shown as an insert). In this
orientation, different hexagonal polytypes can not be
differentiated. It is common to observe SiC grains in the
joint with similar orientations. For example, without
tilting the specimen from the situation of Fig. 5a, the
grain shown in Fig. 5b, is also oriented on the [0001]
zone axis, as many others (the diffraction pattern is
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Fig. 3. (a) TEM micrograph of the interphase RB-SiC joint; (b) TEM
micrograph of the interphase sintered SiC joint.
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Fig. 4. (a) TEM micrograph of the joint microstructure; (b) detail of
the joint microstructure. Diffraction patterns of the Si matrix included
as an insert ([112] zone axis on the left, and [110] zone axis on the
right).

shown as an insert). It must be noted that the diffraction
patterns from Fig. 5a and b are rotated around the
[0001] axis. Cubic B-SiC grains as the one shown in Fig.
Sc (with the diffraction pattern, for the same orientation
of Fig. 5a and b, also included) were also found. It is
interesting to note that the B-SiC grain of Fig. 5c is also
oriented in a low index ([112]) zone axis.

The orientation of the matrix was checked at different
points and was found to be the same in large regions
compared with the SiC grain size. For the orientation of
the foil of Fig. Sa—c, the matrix was not oriented in a
low index plane. The orientation of the matrix was
indicated by the Kikuchi lines diagram showed in Fig.
5d. The matrix was oriented between [112], [114], and
[125] zone axis, at approximately the same angle from
the three of them. The preferential relationships
between the Si and the SiC grains are controlled by a
minimization of the interfacial energy, being this the
reason for the similar orientation found on the SiC
grains.

3.2. Mechanical characterization

The stress—strain curves obtained during the constant
strain rate compressive experiments are shown in Fig 6.
The joints of RB-SiC can undergo significant plastic
deformation (the total strain prior to failure is over
10%), but in the joints of sintered SiC the plastic
deformation is very small and probably occurring only
in the joint itself (the total strain prior to failure is 4—
5%). The strength [taken as the maximum stress held by
the sample (Fig. 7)] decreases with temperature, but not
dramatically. In the case of joints of sintered SiC, the
strength is about 750 MPa, for temperatures over the
melting point of silicon. The strength of the joints in
RB-SiC is about the same as that of the bulk material.
The joints of sintered SiC presented a strength sig-
nificantly lower than the monolithic material but
between two or three times larger than in RB-SiC.

After testing, samples were examined by SEM and
optical microscopy. The joints of RB-SiC deformed
uniformly at 1235 and 1335°C (Fig. 8a), the fracture
plane often being perpendicular to the joint plane
(arrowed in Fig. 8a). At the highest testing temperature
used for RB-SiC (1385°C), silicon was observed on the
sample surface and the deformation in the joint occur-
red mainly by shear. The geometry of deformation of
the sintered SiC sample was different; the deformation
and fracture only occurred on the joint for all tempera-
tures, the two sintered SiC parts being unaltered (Fig.
8b). A closer look at the fracture surface shows that the
joint fails internally and not at the joint-sintered SiC
interphase.

4. Discussion

The compressive behavior and the geometry of defor-
mation of the joined SiC depends on the relative
strength of the joint and the material joined, the inter-
phase between the joint and the bulk, and the micro-
structure and phase distribution of the joint. In the case
of the joints in RB-SiC, the joint and the bulk material
have a similar type of fabrication process in which some
silicon remains as the intergranular phase (RB-SiC
having larger grains and larger amount of silicon). Due
to this similarity the joined sample deforms homo-
geneously, as if it did not have the joint (Fig. 8a). The
failure does not occur along the joint and the joint is as
strong or even stronger than the RB-SiC. The latter
could be the case as the fracture occurs at 45° of the
compressive axis (where the resolved shear stress is
maximum) but in the plane perpendicular to the joint
(arrowed in Fig. 8a and at higher magnification in Fig.
8c). The low amount of silicon in the joint, its crystal-
linity, and the interconnectivity of the SiC phase are key
factors in good joint strengths. On the other hand,
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Fig. 5. (a)—(c) SiC grains of the joint with their respective diffraction patterns as an insert (for the same foil orientation); (d) Kikuchi line pattern of
the Si matrix for the same orientation of patterns (a)—(c). The beam stop was used to indicate the SiC grains where the diffraction pattern was taken
from and to make the Kikuchi lines more clear.
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Fig. 6. Plot of stress versus strain as a function of temperatue: (a) for bulk and joined RB-SiC; (b) for bulk and joined sintered SiC.
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Fig 7. Plot of the maximum strength as a function of temperature.
For bulk and joined RB and sintered SiC.

monolithic sintered SiC has higher strength than the
joint (associated with the minor amount of inter-
granular phase in the sintered SiC). For this reason the
joint of sintered SiC does not have any appreciable
deformation in the pieces joined and the deformation
and failure occurs at the joint (Fig. 8b).

The TEM characterization indicates that the joints
are well bonded with the bulk material for both types of
SiC and that the joint-bulk interphase have not suffered
any damage during the joining process, more than the
formation of scattered dislocations arrays. For these
reasons the joined SiC fails either on the bulk of the
joined pieces (RB-SiC) or internally in the joint (sin-
tered SiC) but not in the bulk-joint interphase. This fact
is corroborated by the SEM observation of the
deformed joints in sintered SiC where it can be observed
that, although the sample fails in the joints, some joint
material remains glued to the bulk SiC.

The stress applied to the joint must be studied in two
separated components. One perpendicular to the joining
plane that will induce a compressive deformation on the
joint, and a second one on the plane of the joint that
will induce a shear deformation of the joint. The con-
tribution to the total strain of the shear deformation of
the joint is clearly larger than the contribution of the
compressive deformation of the joint in the joints of
sintered SiC. In the case of the joints of RB-SiC, the
situation is not so clear for the deformations at 1235
and 1335°C. For example, in the test run at 1235°C, the
total decrease in length of the sample is 160 um (4%
plastic strain) while the width of the joint has a decrease
between 0.5 and 6 pm (the average width being 54.84+2.8
pm). The contribution of the shear deformation of the
joint to the total strain is difficult to measure directly,
but will account for the strain that is not occurring on
the bulk RB-SiC or by compression of the joint.

If the sample fails by shear in the joint, the shear
strength will be half of the strength of the sample (we
must consider the 45° angle of the joint with the com-
pression axis and the surface of the joint relative to the
compression surface). This method of measuring the
shear strength is actually more accurate than using bend-
ing tests!®!1113 a5 in those experiments the stresses applied
on the joint have also a component that is separating the
parts joined. For this reason the values obtained by
bending are lower. Additionally, the geometry of the joint
related to the applied stress studied in these experiments is
more likely to be used because it has a component that is
holding the joint. From the experiments with sintered
SiC, the value of the shear strength can be determined as
the sample is clearly failing in the joint by shear, but for
the RB-SiC samples at 1235 and 1335°C the value
obtained must be considered as an underestimation.
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Fig. 8. (a) Optical micrograph of a deformed joint of RB-SiC
(deformed at 1235°C); (b) optical micrograph of a deformed joint of
sintered SiC (deformed at 1420°C); (c) detail of the zone arrowed on
(a).

The strength of the joint is closely related with the
active mechanism for plasticity in the joint. One plau-
sible mechanism is viscous flow (which has been suc-
cessfully applied to systems as SisN4 with intergranular
phase of approximately 8 wt.%!°), in which undeform-
able SiC grains would move in the silicon matrix, the
deformation being controlled by the silicon flow between
grain boundaries. The effective viscosity (n) of a system
consisting of hard particles embedded in matrix with
viscosity (1, ) (for the limit of high particle content) is:!”

Mo

=R

where fis the volume fraction of viscous phase, and C
is a constant ranging from 3 to 11 depending on the

geometry of the particles. Considering the viscosity of
silicon at the melting point!® (approximately 103 Pa s)
and taking f=0.1, the effective viscosity of the joint
would be about 10 Pa s. We can calculate, from the
yield stress of the joints, the value of the effective visc-
osity of the joint considering the relation of the shear
stress with the shear strain rate:

Oshear = N€ghear

which is about 10!3 Pa s at 1420°C (over the melting
point of silicon) for the joints of sintered SiC. This dis-
crepancy indicates that the SiC grains are actually in
contact and they can not move freely without under-
going some plastic deformation. This fact is also sup-
ported by the low amount of plasticity that can be
supported by the joint. For temperatures under the
melting point of silicon, viscous flow is not occurring
either. The low creep resistant of silicon at these tem-
peratures'® (under 10 MPa for similar conditions) is
incompatible with a viscous flow model predicting the
strengths measured in this work.

It must be taken into account that the joints of the
two SiC types are actually deforming at different strain
rates. Since the bulk sintered SiC does not deform plas-
tically, all the plastic strain is occurring in the joint (63
pm thick in average). This implies an increase on the
strain rate of almost two orders of magnitude compared
with the joints of RB-SiC, if the deformation is dis-
tributed all along the sample. However, the strength
does not increase linearly with strain rate as it would be
expected by a viscous model (the strength is only about
double or triple in joints of sintered SiC compared to
joints of RB-SiC). This means that the strain rate have a
power dependence with stress with an exponent over 4.
This stress exponent is consistent with creep data from
siliconized SiC.2%2! It is difficult to compare the values
of strength versus strain rate obtained in these works
with our data because the different range of strain rates
(10~8 to 10~° versus an effective strain rate of about
1073 s~! in the joints of sintered SiC), but it is consistent
with the strength of reaction formed SiC deformed
under the same conditions.?? In siliconized SiC, the
plasticity is controlled by the interaction between the
SiC grains when the silicon content is low enough. This
interaction can result in sliding at the contact sites
(when the deformation is done in compression and for
deformation at low stress in tension) or cavitation (for
deformation at high stress in tension). In the joints stu-
died in this work both mechanisms must be present
because the deformation is not in pure compression,
and the deformation occurs in the high stress regime
define by these authors.?>-2! However, for the tempera-
tures studied, grain boundary sliding accommodation
by the plastic deformation of SiC is very limited and the
joints fracture after a small strain. The difference in
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strength between the bulk sintered SiC, and the joints
must be due mainly to the lower volume fraction of SiC
in the joint (Carter et al.?* measured in RB-SiC a creep
rate 6 times larger associated with a decrease of 5% on
the density).

5. Conclusions

It has been demonstrated that the reaction forming
approach can be used to produce strong joints with a
uniform microstructure in reaction bonded and sintered
silicon carbide materials. The microstructural observa-
tions indicated that the joint-SiC interphase is clean
without the presence of macroscopic defects. The joint is
crystalline and there are preferred orientations between
the Si matrix and SiC grains. The nature of the joint-SiC
interphase is similar for both types of SiC studied.

The strength of RB-SiC joints is not limited by the
joint strength, but by the strength of the bulk (parent)
materials. The strength of sintered SiC joints is limited
by the joint strength. Due to the low silicon content and
microstructure of the joints, the SiC grains can not
move freely without undergoing some deformation,
resulting in high joint strength comparable to the
strength of low silicon content siliconized SiC.
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