Metal-Ceramic Composites Based
on the Ti-B-Cu Porosity System

H.P. LI, S.B. BHADURI, and J.A. SEKHAR

A systematic study of the microstructure/fracture toughness/processing correlation of
metal-ceramic composites in the Ti-B-Cu porosity system is presented. The composites are pro-
duced by the combustion synthesis process. Fracture surfaces indicate both ductile and brittle
regions. The composites are made up of Ti as the only ductile phase and TiB, TiB,, Ti,Cu,
and Ti;Cu, as brittle phases. Density measurements and scanning electron microscopy (SEM)
indicate that the samples contain distributed porosity. Ductile phase toughening is responsible
for the increase in fracture toughness to a maximum value of 9.9 MPa(m)'/%. Samples with
large amounts of porosity do not benefit from this toughening process even though they contain
in situ formed whiskers. The fracture toughness of the composite is modeled by considering the
additive influence of the ductile phase reinforcement (Ashby model) and the residual porosity
(exponential model). Microstructural constants required for the model are evaluated from the
comparison. A correlation between the mechanical properties and the combustion temperature

is established.

I. INTRODUCTION

CERAMIC materials have potential uses in challeng-
ing engineering application on account of being hard,
refractory, and corrosion- and erosion-resistant. The pri-
mary drawback of many ceramic materials is their in-
herent brittleness. They are also prone to thermal shock
and fast crack growth. Therefore, ceramics are often not
reliable in critical engineering usages. The inherent brit-
tleness is a problem in fabricating components. Most
often, the fabrication is undertaken using powder tech-
nology.!""?) As compared to ceramics, metals are tough
but commonly cannot withstand high temperatures. It may
therefore be expected that metal-ceramic composites will
possess good hardness, toughness, strength, and may not
be susceptible to undesirable fatigue, thermal shock, and
environmental attack. The reinforcement in the compos-
ites may be discontinuous®* or continuous.™

The goal of this article is to study the mechanical
property, microstructure, and processing correlations in
metal-ceramic composites made by the combustion
synthesis route. Specifically, the study focuses on
composites fabricated from a ternary system of
Ti(titanium)-B(boron)-Cu(copper). The interest in this
system originates from the fact that elemental powders
of Ti and B, when processed by powder metallurgy (PM),
react to form a ceramic material TiB, (the equilibrium
binary phase diagram of Ti-B is shown in Figure 1),
The process allows for the direct fabrication of parts
without a sintering step.-'* The advantage is that it is
a simple process for producing high-temperature mate-
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rials. The disadvantage is that, most often, the product
is porous. Therefore, the product is crushed and sintered/
hot pressed to achieve full density. One may, in prin-
ciple, bypass this difficulty by incorporating a third metal,
which would reduce the reactivity of the violent reaction
and melt during the exothermic reaction and fill the
pores.[”-1 By such an approach, the porosity may be
reduced to lower than 3 pct!™ while simultaneously in-
creasing the hardness significantly.""®! Additionally, the
toughness may be increased by the incorporation of a
ductile phase in a brittle ceramic.!'>19 In this article, Cu
is tried as a candidate material. This article reports on
the microstructure and fracture toughness of the metal-
ceramic composite materials consisting of various ratios
of Ti, B, and Cu produced by the combustion synthesis
process.

Several studies have been reported on ductile phase
reinforcement. Typical matrices used were NaCl, MgO,
glass, ALO;, and ZrQ,.'"-2Y The reinforcements were
typically refractory metals such as Mo and other metals
such as Fe, Co, Ni, and Zr.""-2!) However, contrary to
the expected high increase in the value of toughness, the
toughness was seen to improve only marginally. Rankin
et al.'”? reported an 80 pct increase in fracture surface
energy by incorporating Mo in Al,O;. Similar increases
were reported by Virkar and Johnson.”! These increases
are wejl below the toughness levels achieved in a
transformation-toughened ZrO, system without using any
metallic reinforcement. One notable piece of work is by
Mendelson and Fine,”* who reported a 160 pct increase
in toughness by adding Fe to FeO matrix.

A common observation in these studies was the lack
of deformation of particles during fracture on account of
the ductile phase not being properly utilized. This is due
to the fact that the second-phase/matrix interface surface
energy was not optimized. This problem has been stud-
ied and remedied by several groups!®-3% on various
combinations of matrices and particles.

To further elucidate the nature of deformation, Ashby
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Fig. 1—Ti-B binary phase diagram!® with chosen compositions for
making the composites.

et al.BY performed an elegant experiment. They intro-
duced molten lead in a PYREX* glass capillary and

*PYREX is a trademark of Corning Glass Works, Corning, NY.

studied the stress-strain behavior. The deformation be-
havior of such a wire was strongly influenced by its con-
strained state. Three types of failure mechanisms were
observed: (a) internal void growth in the metal, (b) de-
cohesion at the metal-matrix interface, and (c) cracking
at the brittle matrix. Based on the above findings, a test-
ing procedure for testing mechanical properties of
TiAl-Nb composites was described by Cao et al.’2 A
cylindrical specimen with a notch was deformed in uni-
axial tension, and the stress-strain curve was plotted in
the optical camera system. The toughness of brittle
intermetallics could be calculated from the curve.

Several models of ductile phase toughening
exist.[?-331 The model of Krstic et al.”?”) predicts that the
increase in toughness varies with square root of the par-
ticle size, linearly with the yield stress of the second phase,
and inversely with [1 + (2/3) ((1/V)) — 1)), where V;,
is the volume fraction of second phase. The experimen-
tal data of glass-Ni composite of Krstic et al. match well
with the predictions of the model. The drawback of sev-
eral models, except that by Ashby ef al.,®! is that the
constrained deformation of second-phase particles is not
considered. This is so because it is inherently assumed
that the second-phase particles are strongly bonded to the
matrix. In cases where they are not tightly bonded to the
matrix, they pull free from the matrix, and the concept
of ductile toughening is defeated. The small-scale yield-
ing approach used in the many models may not be totally
valid during the straining of the ductile phase.

The aforementioned difficulties were understood by
several authors. For example, Evans and McMeeking!®*!
analyzed the slip line method. They consider the initial
interaction between the crack and the particle to be of
small-scale yielding after which large-scale yielding
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ensues. The model proposed by Ashby et al.®" assumes
that the crack is attracted to particles or wires and does
not bypass them. The increase fracture toughness due to
the ductile phase can now be expressed as

o0 1/2
AKreinforced = E CVfE ay [1]

where E is the Young’s modulus of the inclusion, oy is
the yield strength of ductile phase, C is a constant, a, is
the radius of the particle or wire, and V; is the volume
fraction of the ductile phase. The value of the constant
C depends on complete bonding or limited debonding.
From this expression, we note that the greatest tough-
ening is obtained from inclusions with a high volume
fraction V,, modulus E, strength oy, and a large radius
a,. This is also the first model which lends itself to easy
experimental verification.

The influence of porosity on fracture toughness has
been examined by Kendall et al.,” Rice et al.,?® and
Mai and Cotterell.® They suggested that the fracture
toughness data may be described by an exponential func-
tion in porosity:

Kic = K., exp (—bp) (2]

where p is porosity, K,, is the fracture toughness of the
matrix without porosity, and b is a constant. The de-
crease in fracture toughness in the presence of porosity
is because porosity aids the crack propagation. Experi-
mental values®”! of a decrease in fracture toughness fit
well with the equation given above.

II. EXPERIMENTAL PROCEDURE

Samples were obtained by mixing powders, pressing
them into shape, and finally combusting the shape from
one end and allowing heat from the combustion wave to
densify the material. The particle sizes of titanium and
amorphous boron powders were —325 mesh and that of
copper powder was — 100 mesh. Initially, three ratios of
Ti and B were chosen, 95:5, 90:10, and 85:15 by weight.
These are nonstoichiometric compositions. In order to
reduce the reactivity of the combustion reaction and den-
sify the compacts, these compositions were further mixed
with 10 and 20 wt pct Cu. In effect, nine compositions
were studied, as shown in Table I. In order to easily
recognize each composition, a two-number symbol in-
dication was used for different compositions. The first
number indicates the ratio of B content in Ti-B and the

Table I. The Compositions Studied in this Work

Compositions Ti:B Wt Pct Cu Ti : B :Cu
5-0 95:5 0 pct 95 :5 O
5-10 95:5 10 pct 85.5: 4.5:10
5-20 95:5 20 pct 76 : 4 :20
10-0 90:10 0 pct 90 :10 : 0
10-10 90:10 10 pct 81 : 9 :10
10-20 90:10 20 pct 72 : 8 :20
15-0 85:15 0 pct 8 15 : 0
15-10 85:15 10 pct 76.5:13.5:10
15-20 85:15 20 pct 68 :12 :20
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latter, the Cu content, in the ternary system. For ex-
ample, composition 10-20 means Ti:B = 90:10 and
(Ti-B):Cu = 80:20 (i.e., Ti:B:Cu = 72:8:20). The
well-mixed powder was pressed at a pressure of
15,000 psi (~100 MPa), using a double-acting die to form
an ASTM-E8M standard specimen. The sample thick-
ness varied from 4.5 to 6.0 mm. The compacted spec-
imen was then combustion synthesized by igniting from
one end with an oxy-acetylene torch. The values of den-
sity and initial porosity were measured by the ASTM
C373 standard.®®

The samples were sectioned and coated with gold-
palladium for scanning electron microscopy (SEM) ob-
servations with secondary electron imaging. These
micrographs were further processed by scanning them
using a digital scanner and analyzing for microstructural
features. From the fractographs, the amounts and sizes
of the phases and pores were measured by digitally scan-
ning the fractographs in an image analysis system and
acquiring statistically significant information from sev-
eral fractographs. For some of the microstructures, energy-
dispersive X-ray analysis (EDAX) was performed to obtain
compositional data (except boron). X-ray diffraction work
was carried out in a SIEMENS® diffractometer (model:

*SIEMENS is a trademark of The Retton & Crane Company,
Cupertino, CA.

Diffrac 11) and Ni-filtered Cu tube (wavelength:
0.154051 nm) operating at 40 KV and 30 mA. The
scanning speed employed was 0.01 degree/s. The X-ray
patterns of the pure materials were used as a reference.
From these, i.e., by calibrating the standard patterns, the
relative weight percentages of the various phases were
calculated by integrating the intensity area and relating
the same to the weight percentage.

A very fine tungsten-rhenium (W-5 pct Re and W-26
pct Re) thermocouple was used to measure combustion
temperature. The thermocouple was embedded in the
center area of the sample, with a depth of half the sample
height. A data acquisition system and MACINTOSH*

*MACINTOSH is a trademark of Apple Computers, Inc., Cupertino,
CA.

computer recorded the input temperature at every 0.1-
second interval.
Edge-notched beam technique (NB) was used to de-

termine the fracture toughness of materials. The material
was assumed to be isotropic. The notch was introduced
by low-speed thin diamond blade. The value of K- was
calculated by the reported form of the Griffith rela-
tion.™! A universal testing machine was used for mon-
itoring the load.

III. RESULTS AND DISCUSSION
A. Density and Porosity

The theoretical density, green density, and final
density values as well as porosity values are shown in
Table II. The initial porosity values determine the state
of compaction of the samples. For most of the samples,
an initial green density of ~60 pct of the theoretical den-
sity is required for producing sound samples. It was ob-
served that if the initial porosity level is high, the state
of compaction is not satisfactory, resulting in poor han-
dling strength. With low initial porosity, the exothermic
reaction is not self-propagating. The final porosity val-
ues were obtained in the bulk samples from the analysis
of the sectioned surfaces. From Table II we note that an
increase in the B content increases porosity, whereas the
porosity reduces on addition of Cu.

B. X-Ray Diffraction and Phase Analysis

The X-ray diffraction (XRD) patterns for the various
compositions are identified from ASTM cards. The sum-
mary of the compositions of the reaction products is shown
in Table III. It shows that in the case of samples without
Cu, the major constituents are Ti and TiB. This is ex-
pected from the equilibrium binary phase diagram of
Ti-B, as shown in Figure 1. The chosen compositions
are close to TiB rather than TiB,. Titanium boride forms
rather than TiB,, even though the enthalpy of formation
at room temperature for TiB, (—66.8 Kcal/mole)*? is
higher than TiB (—38.3 Kcal/mole).*! The rest of the
material contains free Ti. With an increase in B in the
composition, the amount of TiB increases and Ti goes
down. With Ti:B in the ratio 85:15, the TiB is still a
major peak, but the presence of Ti and some TiB, is also
noted.

Addition of Cu to the Ti-B compositions brings about
a dramatic change in the X-ray pattern. Intermetallic
compounds in the Ti-Cu binary system (namely, Ti,Cu

Table II. Density and Porosity of Green and Processed Samples*
Theoretical Green Final Bulk Initial Final
Compositions Density Density Density Porosity Porosity

5-0 4.31 2.64 = 0.03 3.11 = 0.10 38.8 £ 0.4 ~32
5-10 4.51 2.78 = 0.02 3.18 = 0.08 384 = 0.3 ~10
5-20 4.73 3.06 = 0.18 3.48 = 0.09 353 + 2.1 ~14
10-0 4.13 2.46 = 0.07 NA** 404 = 1.2 ~58
10-10 4.30 2.67 = 0.05 3.07 £ 0.04 379 £ 0.7 ~17
10-20 4.49 2.86 *+ 0.01 3.12 £ 0.43 36.3 = 0.1 ~19
15-0 3.96 2.32 = 0.08 NA** 414 = 1.4 ~53
15-10 4.11 2.47 * 0.08 2.57 = 0.03 399 £ 1.3 ~33
15-20 4.27 2.53 + 0.12 3.41 £ 1.47 40.8 = 1.9 ~45

*Units: density (g/cm’); porosity (pct).

**These values are not available because the pores are too large in these samples.
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Table III. Estimated Content of Phases (Weight Percent) in Reacted Compositions
Compositions >50 Pct 40 ~ 50 Pct 30 ~ 40 Pct 20 ~ 30 Pct 10 ~ 20 Pct <10 Pct

5-0 Ti — TiB — — TiB,
5-10 — Ti Ti,Cu — TiB TiB,
5-20 — — Ti Ti;Cu, TiB, Ti,Cu TiB,
10-0 — Ti, TiB — — — TiB,
10-10 — — Ti TiB Ti,Cu, Ti;Cu, TiB,
10-20 — — — TiB, Ti;Cu, Ti, TiB,, Ti,Cu —
15-0 — — TiB TiB, Ti —
15-10 TiB — — — TiB,, Ti;Cu, Ti
15-20 TiB — — — Ti;Cu, Ti, TiB,, Ti,Cu

and Ti;Cu,) now dominate the X-ray pattern. While in
the case of composition 5-10 (Ti:B:Cu = 85.5:4.5:10),
both Ti,Cu and free Ti are noted, the amount of Ti;Cu,
goes up in compositions 10-10 (Ti:B:Cu = 81:9:10)
and 15-10 (Ti:B:Cu = 76.5:13.5:10). With further in-
crease in Cu, the amount of Ti;Cu, increases. The en-
thalpies of formation of these compounds are not available
in the literature. However, the results are seen to follow
the intermetallics that are expected from the binary phase
diagram as the Cu content is increased.

C. Micrography

Figure 2 shows the scanning electron micrographs of
the compositions with 10 wt pct Cu. As the boron con-
tent increases, the total volume of porosity, as well as
the size of porosity, increases. However, with the in-
corporation of Cu, the pores are filled by molten Cu. A
lowering in porosity is noted with increasing Cu, in-
creasing again as the boron content increases (Table II).

Fractographs are taken from samples broken in the
notched bend test. Figure 3 shows the fractographs of
the Ti:B = 95:5 series compositions. Figure 3(a), 0 wt
pct Cu composition, reveals a somewhat ductile fracture
of the material. This is due to the presence of free Ti
revealed by the XRD pattern. The 10 wt pct Cu com-
position (Figure 3(b)) shows more brittle fracture. Also
noted is the transgranular fracture of large particles. It
is interesting to note that in 20 wt pct Cu composition
(Figure 3(c)), the ductile fracture occurs around the brit-
tle phase; i.e., there seems to be just enough Ti in the
system to bind the brittle particle.

Compositions in the Ti:B = 90: 10 series have similar
features, as noted in the fractograph of the Ti:B = 95:5
series compositions. A new feature of the microstructure
is shown in Figure 4, where it is shown that the pores
contain whiskerlike objects. Energy-dispersive X-ray
analysis shows that the whiskers contain Ti. Since B
cannot be detected by EDAX, there is likelihood that
they may be TiB or TiB, whiskers. The individual whis-
kers are 10 to 20 um in length and about 0.5 to 1 um
in diameter. Figure 5 shows the fracture surfaces of the
composition 10-10 (Ti:B:Cu = 81:9:10). Similar fea-
tures are observed, including the presences of whiskers,
when compared with Figure 4. It is of interest to note
there are places where these whiskers are pulled out of
the matrix, such as areas A and B indicated in
Figure 5(a). The fracture cross section of these whiskers
was never observed, indicating that their strengths are
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higher than the whisker-matrix interface. Figure 5(b)
shows a magnified picture of whiskers.

The fracture surfaces of the Ti:B = 85:15 series com-
positions are shown in Figure 6. The following features
are noted: (a) Compared to the compositions noted above,
ductile fracture was nearly nonexistent. (b) Large par-
ticles of brittle materials were observed (i.e., those which
fractured in a transgranular manner). (c) All of the com-
positions contained whiskers. As compared to the Ti:B
= 90:10 series compositions, the average diameter of
the whiskers in the composition 15-0 (Ti:B:Cu =
85:15:0) was five times larger. However, in the compo-
sitions 15-10 (Ti:B:Cu = 76.5:13.5:10) and 15-20
(Ti:B:Cu = 68:12:20), the diameters decreased again
to a value of approximately 2 um.

D. Whiskers and Combustion Temperature

Hyman er al.®! have performed extensive as-cast-binary
as well as transmission electron microscopy (TEM) stud-
ies on the formation of TiB and TiB, in the ternary sys-
tem Ti-Al-B. The crystal structures of both TiB and TiB,
are based on the same building block and have the same
needlelike morphology. The experiment shows that TiB
precipitates as fine needle morphology in the binary
Ti-B system and TiB, is only formed in the ternary Ti-
B-Al system and also had needlelike morphology. It seems
that there is a tendency for these materials to precipitate
in needle shape. It is, therefore, difficult without exten-
sive microscopy to determine conclusively if the whis-
kers are TiB or TiB,.

Whiskers are present only in certain compositions.
Andrievskii er al.*?) have observed similar whiskers in
the Ti-B system. They experimented with various par-
ticle fractions of Ti and B and concluded that in the nar-
row range of combustion velocity of 0.5 to 0.8 cm/s,
the TiB, material is formed in its crystalline structure.
This can happen when, for some reasons, the high tem-
perature is locally maintained for a longer duration and
melting of TiB, can take place. The TiB, is hexagonal
in structure and solidifies from the melt with a faceted
interface. The combustion temperature of the various
compositions are measured and shown in Table IV. The
combustion temperature increases with increasing boron
content and decreases with increasing copper content.
Whiskers are noted to form when the combustion tem-
perature exceeds ~950 °C. The fractographs indicate that
an increase in the combustion temperature increases the
diameters of whiskers.

METALLURGICAL TRANSACTIONS A



Fig. 2— SEM micrographs of the 10 wt pct Cu series compositions:
{a) 10 wt pct Cu + 90 wt pct {Ti + 5 wt pct B], (») 10 wt pct Cu
+ 90 wt pct [Ti + 10 wt pet B], and (¢) 10 wt pct Cu + 90 wt pct
[Ti + 15 wt pct B].

E. Fracture Toughness

Table V shows the measured fracture toughness and
hardness values of the compositions. The average frac-
ture toughness values range between 1.6 and
8.3 MPa(m)'/.

As compared to the fracture toughness values reported

METALLURGICAL TRANSACTIONS A

Fig. 3— SEM fractographs of the Ti:B = 95:5 series compositions:
(a) 0 wt pct Cu + 100 wt pet [Ti + 5 wt pct B], (b) 10 wt pct Cu
+ 90 wt pct [Ti + 5 wt pct B], and (¢) 20 wt pct Cu + 80 wt pct
[Ti + 5 wt pct BJ.

here, conventionally sintered TiB, has a reported frac-
ture toughness value of 5.00 MPa(m)'/2.143 The samples
on which the data for sintered TiB, were reported®® were
made by conventional sintering; the starting powder was
submicron size, produced in an arc plasma by the re-
action of TiCl, and BCl;. For achieving low-porosity
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Fig. 4— Whiskers in the composition 10-0 (Ti:B:Cu = 90:10:0).

bodies, samples were sintered between 1900 °C and
2100 °C in a vacuum furnace. The value of 5.00
MPa(m)'/? is reported for the material sintered at
2100 °C.=#

1V. TOUGHENING MODEL

The reasons for the high fracture toughness over that
of sintered TiB, are explored below. In spite of the pres-
ence of pores, the fracture toughness is high. From the
XRD and fractographs, it is concluded that the material
contains several phases, namely:

(1) pores of various size,

(2) TiB and TiB, in whisker form (brittle in nature),
(3) other intermetallics based on Ti-Cu system, such as
Ti,Cu and Ti;Cu,. While not much is known about the
Ti;Cu, structure, it is well established that Ti,Cu is iso-
structural with MoSi,. The MoSi, has a reported fracture
toughness of ~5.32 MPa(m)'/?,1* 5o it may be expected
that these intermetallics are also brittle.

(4) free a-Ti, which is ductile.

It is worth examining what role each of these phases may
play in influencing fracture toughness.

First, we examine the effects of porosity on the frac-
ture toughness. It is generally believed that pores are del-
eterious to the mechanical properties. Vardar et al.! have
studied ceramics with controlled pores subjected to ten-
sile forces. Applying Weibill’s approach, they found that
the strength depends on the pore content and not on the
size of the pore. They considered the decrease in the
stress intensity factor and the cross-sectional area on ac-
count of the presence of pores and showed that these two
factors are inadequate for the correct prediction of strength.
It has been also suggested in the literature!’! that a crack
associated with a pore may grow subcritically. This may
partly explain why some materials show no dependence
on pore size.

The relationship between the measured porosity and
experimental fracture toughness values is shown in
Figure 7. We note that the fracture toughness decreases
as the porosity increases in the 10 and 20 wt pct Cu
series compositions. The pores act as long cracks or may
nucleate cracks, thus decreasing the fracture toughness.
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Fig. 5— (a) SEM fractograph of the composition 10-10 (Ti:B:Cu =
81:9:10) and (b) whiskers in the same composition (Ti:B:Cu =
81:9:10). Whisker pullout is noted in areas marked A and B in (a).

There is a possibility for whisker toughening by the
TiB or TiB, whiskers. The phenomenon of whisker
toughening is similar to ductile particle toughening. Be-
cause of the high strength of the whiskers, the area just
behind the crack tip may experience a compressive stress
due to intact whiskers. This reduces the crack opening
displacement, and extra energy has to be spent in open-
ing the crack tip. The modeling of the whisker tough-
ening has been carried out by Becher ez al.'*! The increase
in fracture toughness is given by

V,rESG™ )” ’

_ 3
6(1 — VE"G 31

AKW = Uf(

where oy and V; are the fracture strength and volume
fraction of whiskers, respectively, v is Poisson’s ratio,
E is the Young’s modulus of the composite, G is the
strain energy release rate, and r is the radius of the in-
dividual whisker. The superscripts C, w, m, and i rep-
resent composite, whisker, matrix, and interface,
respectively. The assumption of the model is that even-
tually these high-strength whiskers are fractured during
crack propagation. However, the fractographs (Figures

METALLURGICAL TRANSACTIONS A
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Fig. 6— SEM fractographs of the Ti:B = 85:15 series compositions:
(a) O wt pct Cu + 100 wt pet [Ti + 15 wt pct B], (b) 10 wt pct Cu
+ 90 wt pet [Ti + 15 wt pet B], and (¢) 20 wt pct Cu + 80 wt pct
[Ti + 15 wt pct B]. The edge of the sample is seen in (c). The bottom
right side of the photograph is the polished free surface. The fracture
surface is the upper left part of the photograph.

METALLURGICAL TRANSACTIONS A

Table IV. Measured Combustion
Temperature for the Various Compositions*

0 Wt 10 Wt 20 Wt

Ti:B\Cu Pct Cu Pct Cu Pct Cu
Ti:B = 95:5 994 °C 756 °C 664 °C
Ti:B = 90:10 1240 °C 936 °C 898 °C
Ti:B = 85:15 1715 °C 1574 °C 1401 °C

Table V. Measured Fracture Toughness and
Hardness Values for the Various Compositions

0 Wt 10 Wt 20 Wt
Ti:B\Cu Pct Cu Pct Cu Pct Cu
Toughness (MPa(m)'/?)
Ti:B = 95:5 34+05 79=*x1.1 83=*1.2
Ti:B = 90:10 45+07 68*x09 66=0.1
Ti:B = 85:15 1.6 05 29=*x04 3804
Hardness (Rockwell A Scale)
Ti:B = 95.5 30.1 4.0 37.7 1.0 40.1 +42
Ti:B =90:10 21.0+x53 41.8+59 51.3 +8.3
Ti:B = 85:15 7508 11.5+28 41.0=x5.6

Note: The * values are the standard deviation lo values.

3 through 6) did not reveal any fractured whiskers in our
experiment. Some whisker pullout has been observed
(Figure 5(a)), indicating that the interface between the
whisker and the matrix is weak.

The presence of other brittle phases, such as Ti,Cu
and Ti;Cu,, may not be beneficial also for the noted in-
crease in fracture toughness. From the fractographs
(Figures 3(b) and (c)), it is seen that they are brittle and
fail in a brittle manner.

Table VI shows the volume percentages of the ductile
phase and the porosity present in the system. The vol-
ume fractions of the various phases were calculated as-
suming the density values of Ti, TiB, and TiB, to be
4.50, 4.56, and 4.53 g/cm’, respectively.[*”! The density
values of Ti,Cu and Ti;Cu, are not available in the lit-
erature. Crystal structures were obtained from Pearson’s
Handbook."” The Ti,Cu and Ti,Cu, are both tetragonal

10 T T T T T T T T T
o
- 8 I 0 10% Cu series |
% A 20% Cu series
=]
6 -
p
2
@ 4+
=
=
5
5 21
[_‘
0 1

0 10 20 30 40 50 60
Porosity , Vol.%

Fig. 7—Fracture toughness vs the porosity for the compositions with
10 and 20 wt pct Cu.
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Table VI. Volume Percentages of the Ductile
Phase and the Porosity in the Various Compositions

Compositions Ti (Vol Pct) Porosity (Vol Pct)

5-0 ~40 ~32

5-10 ~30 ~10

5-20 ~22 ~14
10-0 ~20 ~58

10-10 ~23 ~17

10-20 ~13 ~19
15-0 ~ 7 ~53
15-10 ~5 ~33
15-20 ~ 1 ~45

structures (C,;, and simple tetragonal, respectively). From
their structures and cell parameters, the densities of Ti,Cu
and Ti;Cu, are calculated to be 5.7 and 6.8 g/cm’, re-
spectively. Assuming the calculated values as well as the
fact that all of the materials contained a certain amount
of porosity, the volume percentages of the various phases
may be calculated from the above density values and the
relative weight ratios which are obtained from Table III.
From this, the volume percentage of ductile phase was
calculated.

Ductile phase toughening by Ti is now considered.
From the X-ray data we note that the only ductile phase
is Ti. Figure 8 shows that the experimental fracture
toughness increases as the volume fraction of the ductile
phase, Ti, increases in the 10 and 20 wt pct Cu series
compositions. The increase in the fracture toughness value
is on account of the increase in the volume fraction of
the ductile phase. The increase in the ductile phases causes
more energy to be spent during the crack propagation.
Figure 9 shows the same relationship with compositions
without Cu. The trend is the same as compositions with
Cu, except for the composition 5-0. The reason for this
exception is on account of the inadequate amount of B
for complete combustion in this composition. Boron reacts
with Ti exothermically, which produces heat to sinter or
melt the rest of the Ti. In the composition 5-0, heat pro-
duced by the reaction between B and Ti is not sufficient

10 T T T T T T T

12

0 10% Cu series I
A 20% Cu series

10 15 20 25 30 35 40
Ductile Phase,Vol.%

Fig. 8 —Fracture toughness vs volume fraction of the ductile phase
for the compositions with 10 and 20 wt pct Cu.

Toughness, MPa(m)
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Fig. 9—Fracture toughness vs volume fraction of the ductile phase
for the compositions without Cu.

to sinter or melt all of the Ti. The reacted product will
still contain Ti (green powder), leading to lower fracture
toughness in spite of the higher volume of the Ti ductile
phase.

For the compositions studied in this article, the in-
crease in fracture toughness is on account of the ductile
phase and the decrease is on account of the presence of
the porosity in the system. The porosity may be thought
of simply modifying the base fracture toughness of the
sample. We may therefore assume that the fracture
toughness of the composite may be expressed as

K. =K, + AKreinforced - AKpomsity + AI{w [4]

where K, and K,, are the fracture toughness of composite
and matrix, respectively, and AK ciorceds AKporosity» and
AK,, are the change of fracture toughness due to the rein-
forced ductile phase, porosity, and whisker, respec-
tively. The term AK,, is taken to be zero because of the
lack of whisker toughening. The value of AK,insoreeq May
be calculated from Ashby’s model (Eq. [1]). X-ray dif-
fraction shows that the only ductile phase is Ti. The val-
ues of the yield strength (oy) and Young’s Modulus (E)
of the ductile phase are assumed to be 98 MPa and 116
GPa,"® respectively. The average radii of the particles
(a,) for the various compositions are measured by cal-
culating the volume of the particles and dividing by the
number of particles while making the assumption that
the particles are spherical. We note that the size of the
ductile phase (ayp) is linearly proportional to the volume
fraction of ductile phase (Vy), as shown in Figure 10.
The slopes, m’s which are the ratio of a, to V,, are mea-
sured to be 49.66 (um) for 10 wt pct Cu series com-
positions and 45.16 (um) for 20 wt pct Cu series
compositions. After rearrangement, the Ashby’s model
may now be rewritten as

AKreinforced = [EC(TO m] 1/2‘/f [5]

where m relates a, and V;.

An interesting relationship emerges for the volume
fraction of ductile phase and the porosity. This is shown
in Figure 11. In the compositions containing Cu, the more
the ductile metallic phase, the less the porosity, because
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Fig. 10— Volume fraction of the ductile phase vs the size of the duc-
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the pores are filled by the molten metal formed on ac-
count of the high temperatures generated during com-
bustion synthesis. We also note that for the compositions
containing Cu if the volume fraction of the ductile phase
is larger than 15 pct (region II), the porosity remains at
a level of about ~15 pct in spite of increasing the vol-
ume fraction of the ductile phase. Data for the compo-
sitions without Cu are also shown in the figure. Generally
speaking, the base fracture toughness of the matrix which
contained pores can be described by an exponential func-
tion (Eq [2]) in pOTOSitY, Km - AI(porosity = Km(wilh porosity)
= K,, exp (—bp), as proposed by Kendall et al.,’* Rice
et al.’ and Mai and Cotterell,’”) where p is porosity
and b is a constant. The base fracture toughness and the
matrix is assumed to be the same for the same Cu con-
tent compositions. Thus, it is assumed that the contri-
bution to the overall fracture toughness from that part of
the matrix that contains the ductile phase may be rep-
resented by Ashby’s model and the part containing po-
rosity may be expressed by Cotterell’s model (exponential
model) in an additive fashion. The fracture toughness of
the composite may therefore be written as

70 T T T T T N T M T
60 i o o without Cu | |
&‘: 50 | o A with Cu N
G A 1
> 40 -
% 30 ° s
e L ————= J
g 20 A Region 11 ]
R
Region I ]

0 1 I 1 1 L

0 10 20 30 40 50 60
Ductile Phase, Vol.%

Fig. 11 — Volume fraction of the ductile phase vs the porosity for the
various compositions.
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K. = K, exp (—bp) + [ECaum]'*V, (6]

The constants C, b, and K,, may be calculated from
the experimental data for 10 and 20 wt pct Cu, respec-
tively. The fracture toughnesses of the matrices without
any porosity or ductile reinforcement are calculated to
be 2.6 and 5.2 MPa(m)'/* for 10 and 20 wt pct Cu series
compositions, respectively. The constants C and b are
calculated to be 0.41 and 1.22 for the 10 wt pct Cu series
compositions and 0.53 and 0.76 for 20 wt pct Cu series
compositions, respectively. Comparing these values, we
find that the constants for different Cu compositions are
close. Although Figure 11 shows that porosity varies as
a function of volume fraction of the ductile phase, the
porosity term of Eq. [6], exp (—bp), only changes slightly
because of the low value of » and may be considered as
a constant. Therefore, K, is proportional to the volume
fraction of the ductile phase, V;. Thus, a knowledge of
K, should be adequate for the prediction of fracture
toughness of combustion-synthesized materials in the Ti-
B-Cu-porosity system. Figure 12 is a plot of the dimen-
sionless composite fracture toughness as function of the
volume fraction of ductile phase divided by K,,. Note
that a linear relationship with C = 0.47 and b = 1 is
adequate to predict the final fracture toughness over a
wide range of composition. Data for O wt pct Cu are also
included in the figure. For the O wt pct, Cu, K, was
arbitrarily chosen to be 0.9 MPa(m)'/2. The plot is linear
in the range plotted, with a slope of ~16 MPa(m)'/? which
is equal to the value of (ECo,m)'/?. Thus, for composites
of Ti-B-Cu made by the combustion synthesis route, the
increase in K. is directly proportional to V; and any method
which enhances V; will linearly impact on K,.

The plot of K./K, and hardness is shown in
Figure 13(a). For the compositions in region I in
Figure 11 where the volume fraction of ductile phase is
less than 15 pct, it is seen that hardness is independent
of the dimensionless fracture toughness. On the other

6.0 T T T T

50 —

4.0 —

3.0 —

Kc/Km

10% Cu
20% Cu
0% Cu

20

1.0

o0 Lo Lo L]
000 005 010 015 020 025 0.30

VE/Km, (M Pa(m)¥?)?

Fig. 12—Plot of the expected dimensionless fracture toughness as a
function of volume fraction of the ductile phase (Ti). The experi-
mentally determined points from 0, 10, and 20 wt pct Cu composi-
tions are also shown in the figure. Porosity and the ductile phase are
related, as shown in Fig. 11. The constants C and b of Eq. [6] are
assumed to be 0.47 and 1, respectively. The value of K, is taken to
be 0.9, 2.6, and 5.2 MPa(m)"/? for 0, 10, and 20 wt pct Cu com-
positions, respectively.
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Fig. 13— (a) The plot of dimensionless fracture toughness as a func-
tion of hardness and (b) the plot of fracture toughness as a function
of combustion temperature. The compositions in each ratio of Ti and
B also contained copper as given in Table I.

hand, for the compositions in region 1I, hardness is in-
versely proportional to the dimensionless fracture tough-
ness. Thus, a correlation exists between the hardness and
toughness. Figure 13(b) shows the variation of fracture
toughness and combustion temperature. An increase in
combustion temperature decreases the value of K. The
high-Ti content compositions generate less heat on com-
bustion, have a high fraction of ductile phase, and dis-
play "higher K, values than the low-Ti content
compositions. The combustion temperature is noted to
be an important processing variable for determining the
fracture toughness of the composites.

V. CONCLUSIONS

This article discusses the microstructural/mechanical
property/processing correlation in metal/ceramic com-
posites in the Ti-B-Cu-porosity system. The composites
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are fabricated by the combustion synthesis process. The
following are the conclusions of the work:

The density and microstructures indicate that the com-
posites contain porosity. With the increase in Cu, the
porosity content decreases. The SEM fractographs show
that there are both ductile and brittle failure regions in
the composites. X-ray diffraction study shows that the
only ductile phase present is free Ti. With the addition
of Cu, the amount of free Ti goes down and the amount
of intermetallics, such as Ti,Cu and Ti;Cu,, increase. It
was concluded that the ductile-phase toughening by Ti
is the most important toughening mechanism for the
compositions studied in this work. However, the mech-
anism is not fully beneficial because of the presence of
porosity. The increase in fracture toughness is due to the
ductile phase, and the decrease is due to the presesnce
of the porosity in the system. The fracture toughness of
the composites can be expressed as K, = K,, + AK cinforced
- orosity- 1 he fracture toughness of the composite is
modeled by considering the additive influence of the
ductile-phase reinforcement (Ashby model) and the re-
sidual porosity (exponential model). The model is seen
to predict adequately the measured values, and a linear
relationship between K./K, and V;/K,, is noted in the
Ti-B-Cu-porosity system. We also find a relationship be-
tween the toughness and hardness. This relationship is
dependent on the volume fraction of porosity and ductile
phase. The combustion temperature is noted to be an im-
portant processing variable for determining the tough-
ness of the composites.
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