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bstract

The SHS reaction behaviors of the Cu–Ti–B4C system with various Cu content were investigated. Theoretical calculation of the adiabatic
emperatures reveals that the reaction in the Cu–Ti–B4C system is self-sustainable for the presence of 0–72.22 wt.% Cu in the reactants without

ny preheat. With the increase of Cu content, the adiabatic temperatures, combustion temperatures and wave velocity decrease greatly, while the
gnition time shows first a remarkable decrease and then an increase with the minimum value at 20 wt.% Cu. Moreover, with the increase of Cu
ontent, the sizes of the TiC and TiB2 grains decrease considerably.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Self-propagating high-temperature synthesis (SHS) has
eceived considerable attention in the last two decades as an
lternative method for the synthesis of high-temperature materi-
ls [1–3]. The prominent advantages of this technique are its low
ost and energy consumption, high time efficiency and purity
f the reaction products. A wide variety of materials, such as
orides [4], carbides [5], intermetallics [6,7], and ceramic–metal
atrix composites [8–11] have been produced by this
ethod.
Titanium carbide (TiC) and titanium diboride (TiB2) ceram-

cs possess desired properties such as low densities, high melting
oints, good thermal and chemical stability, high hardness and
xcellent wear resistance [12,13]. They are potential candidates
or application in cutting tools, machine tool insert, new type
f electrodes, high corrosion resistance coatings, wear-resistant

arts and lighter armor materials. Moreover, they are also attrac-
ive for application in aircraft propulsion systems and space
hermal protection systems. In the past years, reaction synthesis
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f the TiC–TiB2 composites from Ti–B4C reactants has been
nvestigated by SHS technique [8,14,15].

The SHS reactions in Ti–B4C system, however, are some-
hat difficult to initiate due to high melting temperatures of

he reactants and lack of a pre-activation reaction. The addition
f metal with low melting point decreases the reaction temper-
ture by forming a liquid at a low temperature and improves
he surface reaction rate. The effects of the addition of metals
uch as Al and Ni to the Ti–B4C mixtures on the SHS reac-
ion behavior and mechanism have has been investigated by

any researchers [16,17]. For instance, the addition of Al to
he Ti–B4C reactants facilitates the ignition occurrence, lowers
he reaction exothermicity and modifies the resultant microstruc-
ure [16]. Due to its high electrical and thermal conductivities,
u has been used in the power industry, electric industry and
ngineering industry. Ceramic particulate reinforced Cu matrix
omposites have attracted wide interest in recent years [18].
hese materials exhibit a combination of the excellent thermal
nd electrical conductivities, high strength retention at elevated
emperatures, and high microstructural stability [19].
Unfortunately, the research on the SHS reaction in the
u–Ti–B4C system is relatively rare. The principle objective of

he present work is hence to investigate the reaction behaviors
uring the SHS of the Cu–Ti–B4C system. This article provides
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Fig. 2 shows the typical temperature profiles for the
Cu–Ti–B4C preforms with various Cu contents during the SHS
14 Y.H. Liang et al. / Journal of Alloy

primary investigation on the feasibility of the SHS reaction in
he Cu–Ti–B4C system and the effects of the Cu content on the
eaction behavior and the resultant products.

. Experimental procedure

The raw materials used were commercial powders of Cu (99.0 wt.% purity,
3 �m), B4C (99.5 wt.% purity, ∼3.5 �m) and Ti (99.5 wt.% purity, ∼38 �m),

espectively. Ti and B4C powders with a ratio corresponding to that of stoichio-
etric 2TiB2–TiC mixed with varying Cu contents were used for the powder

lends. The reactant powders were mixed in a stainless-steel container for 8 h to
nsure homogeneity, and then pressed into cylindrical preforms (about 22 mm in
iameter and 12 ± 2 mm in length) using a stainless steel die to obtain densities
f 65 ± 2% theoretical density.

More details about the experimental apparatus and procedure for the SHS
eaction were given in a previous article [17]. It is worth noting that the current
n the present experiment is selected as 90 A. The temperature in close vicinity
o the center of the sample was measured by W/Re5–W/Re26 thermocouples
nd the signals were recorded and processed by a data acquisition system using
n acquisition speed of 50 ms/point. The propagation velocity of the combustion
aves was measured by recording the whole combustion event with a black-and-
hite CCD video camera (DALSA) at 995 frames per second. In addition, the

gnition process for the reactions in the powder mixtures with various Cu con-
ents were also studied by the differential thermal analysis (DTA, Rigaku-8150,
apan) experiments, which were conducted in a flowing argon gas (flowing
ate: 60 ml/min) using a heating rate of 30 ◦C/min. The phase constituents of
TA products and the SHS products in the combustion chamber were identi-
ed by using X-ray diffraction (XRD) (Model D/Max 2500PC Rigaku, Japan).
orphology of the fracture surface was examined by using scanning electron
icroscopy (SEM) (Model JSM-5310, Japan) equipped with energy-dispersive

pectrometer (EDS) (Model Link-ISIS, Britain).

. Results and discussion

.1. Theoretical calculation of the adiabatic temperature

The adiabatic temperature, Tad, defined as the final theoretical
emperature attained by a system undergoing an adiabatic condi-
ion, is an important parameter to evaluate whether the reaction
an be self-sustaining or not. It has been empirically suggested
hat combustion reactions will not become self-sustaining unless
ad ≥ 1800 K [20]. The TiC and TiB2 particulates could be syn-

hesized by the following reaction:

Cu + 3Ti + B4C = 2TiB2 + TiC + xCu (1)

The enthalpies of the reactants and products are commonly
iven at 298 K, and the propagating mode is often initiated at
oom temperature without any pre-heat, the adiabatic temper-
ture in this reaction system could be theoretically calculated
sing the thermodynamic data from Ref. [21] according to the
ollowing equation [22]:

H (298) +
∫ Tad (298)

298

∑
njCp(Pj) dT

+
∑

298−Tad (298)

njL(Pj) = 0 (2)
here �H (298) is the reaction enthalpy at 298 K (761 kJ/mol
23]), nj the stoichiometric constant, Cp and L are the heat capac-
ty and latent heat, and Pj refers to the product, respectively. It
s worth noting that we have to provide that no eutectic transfor-

F
v

Fig. 1. Adiabatic temperature (Tad) as a function of the Cu content.

ation occurs in the resultant TiC and TiB2 phases during the
alculation of Tad. The calculated Tad values as a function of the
u content in the reactants are shown in Fig. 1. As indicated,
ad decreases with the increase in the Cu content except for

wo plateaus in the range of 0–6.77 and 13.22–40.17 wt.% Cu,
espectively, where Tad stays at 3193 K (the melting point of
iB2) and 2848 K (the boiling point of Cu), respectively. The
ppearance of two plateaus at 0–6.77 and 13.22–40.17 wt.%
u are due to the absorption of heat caused by the melting
f TiB2 and the gasification of Cu, respectively. According to
erzhanov’s empirical criterion [20], for the reaction to be self-

ustaining in the absence of preheat, Tad should not be less than
800 K, corresponding to the maximum addition of 72.22 wt.%
u in the reactants.

.2. Reaction behaviors

.2.1. Temperature–time profile and combustion
ig. 2. Typical temperature–time profiles of the center of the samples with
arious Cu content.



Y.H. Liang et al. / Journal of Alloys and Compounds 462 (2008) 113–118 115

F
C

p
o
7
W
o
i
c
7
C
w
p
i
C

t
C
i
e
r
r
i
W
t
d
a

3

a
o
w
r
c
c
t
t
i
o

F
t

n
s
t
t
p
c

f
r
w
t
i
t
C
i

m
D
t
h
t
i
t
f
t
e
a
C
o
t
B
p
t
o
b

ig. 3. The variation in the Tad and Tc of the Cu–Ti–B4C system with various
u contents.

rocess. As can be seen, the temperature at the combustion front
f the preforms within the range of the Cu content from 0 to
0 wt.% rises rapidly, without an appreciable preheating effect.
hereas, in the 80 wt.% Cu preform, the SHS reaction cannot

ccur in the actual experiment, so the temperature–time profile
s not listed. This is in general accordance with the preceding Tad
alculation result, where the critical value of the Cu reactant is
2.22 wt.% for the reaction to be self-sustaining without preheat.
learly, The self-propagating reaction in the Ti–B4C preforms
as difficult to initiate, yet it was easy in the Cu–Ti–B4C sam-
les with 10–70 wt.% Cu. Once initiated, however, the reaction
n the Ti–B4C compacts was more extensive than those in the
u–Ti–B4C preforms.

Fig. 3 shows the variation in the Tad and maximum combus-
ion temperature (Tc) of the Cu–Ti–B4C system with various
u content. The results indicate that the Tc decreases with the

ncrease of Cu content. Moreover, it is worth noting that the
xperimentally determined Tc is generally lower than the theo-
etically calculated Tad values because of heat loss during the
eaction process. The decreasing Tc as a result of the Cu increase
n the reactants also reduced the rate of heat loss in unit time.

ith the increase of Cu content, the heat from the reaction and
he combustion temperature decrease. Then the temperature gra-
ients become low, which result in the low rate of heat loss. As
consequence, the value of Tc and Tad becomes closer.

.2.2. Wave velocity and ignition time
Fig. 4 shows the variation of the combustion wave velocities

nd ignition time with the Cu content in the reactants. It is obvi-
us that the combustion wave velocity decreases monotonically
ith the increase of the Cu content. Similar behavior was also

eported by Shon et al. [24] in their study on the electrothermal
ombustion reaction in a Cu–Ti–C system. It is known that the
ombustion wave velocity depends largely on the combustion

emperature and the thermal conductivity of the preforms. With
he increase of Cu content in the reactants, the thermal conductiv-
ty of the preforms increases due to the high thermal conductivity
f metal Cu, but the combustion temperature decreases sig-

T
t
p
a

ig. 4. The variation of the combustion wave velocities and ignition time with
he Cu content in the reactants.

ificantly. Without the consideration of Tc, the wave velocity
hould increase. However, according to the present experimen-
al results, the wave velocity decreases. The results indicate that
he combustion temperature plays a more important role in the
ropagation velocity of the combustion wave than the thermal
onductivity of the preforms.

The ignition delay time, which represents the time interval
rom the start of heating to the initiation of the self-propagating
eaction, is called ignition time. The ignition time represents
hether the reaction is easy to occur or not. It is obvious that

he ignition time shows a first decrease and then a noticeable
ncrease with the increase of Cu, implying that the SHS reac-
ion proceeds more readily at a specified amount of the addition
u. According to the present experimental results, the shortest

gnition time is found at 20 wt.% Cu, as indicated in Fig. 4.
In order to understand the ignition behavior, DTA experi-

ents were conducted. Actually, although the reaction in the
TA apparatus is different from the SHS reaction because of

he disparity in the processing conditions, particularly for the
eating rate and green density of the reactants, it is very similar
o the ignition process and valuable to help understanding the
gnition behavior in the SHS reaction. Fig. 5(a) and (b) shows
he typical DTA curves and the XRD patterns of DTA products
or the Cu–Ti–B4C compacts with various Cu contents, respec-
ively. It was observed during the experiments that two intense
xothermic peaks with the maxima temperature at about 994
nd 1094 ◦C appeared in the Cu–Ti–B4C samples with 10 wt.%
u content, respectively. For the 30 wt.% Cu sample, it can be
bserved that two intense exothermic peaks with the maxima
emperature at about 989 and 1073 ◦C appeared, respectively.
esides the exothermic peak at about 985 ◦C, two exothermic
eaks with the maxima at about 1068 and 1089 ◦C appeared in
he 50 wt.% Cu–Ti–B4C system, respectively. The temperatures
f two exothermic peaks are very close, which may be caused
y the continuous occurrence of several exothermic reactions.

he DTA results in the present experiment are similar to those in

he 20 wt.% Cu–Ti–B4C system [24]. For the 20 wt.% Cu sam-
le, two intense exothermic peaks with maxima temperature
t 990 and 1098 ◦C appeared, respectively. According to [25],



116 Y.H. Liang et al. / Journal of Alloys and Compounds 462 (2008) 113–118

s with

t
o
T
T
p
t
s
t
s
f
m
p
d
m
t
C
a
t
a
f
f
T
5
i
c
s

t

e
a
a
i
a
t
a
t
a
c
(
s
T
l
O
t
t
o
t
i
t
t
s

Fig. 5. (a) DTA curves of the Cu–Ti–B4C compacts in the sample

he first exothermic peak mainly corresponded to the formation
f a large numbers of the TixCuy intermetallics; and then the
ixCuy intermetallics can form Cu–Ti liquid at about 960 ◦C.
he formation of liquids and continuous heating significantly
romote the further diffusion of carbon and boron away from
he bulk B4C and the formation of the Cu–Ti–B–C liquids, sub-
equently, TiC and TiB2 particulates were precipitated out of
he saturated liquids. The formation of the Cu–Ti liquids and its
ubsequent capillary-induced flow can increase the contact sur-
ace area between the reactants and provide an easier route for
ass transfer. This is of great importance since it significantly

romotes the contact of the reactants and reduces the atomic
iffusion distance [16]. When the temperature increased further,
ore Cu–Ti liquids formed and spread over the reactants, and

hen the carbon and boron atoms continuously diffused into the
u–Ti–B–C liquids and TiC and TiB2 particulates were gradu-
lly precipitated out of the saturated liquids, which corresponded
o the second exothermic peak with the maximum temperature
t 1098 ◦C. According to the XRD patterns of the DTA products
rom the Cu–Ti–B4C system with various Cu content quenched
rom 1200 ◦C, as shown in Fig. 5(b), it can be found that only
iC, TiB2 and Cu are detected in the samples with 10, 30 and
0 wt.% Cu contents, without any intermediate phases, indicat-
ng that the reaction is complete. Therefore, it is reasonable to

onclude that the reaction path in the investigated systems is
imilar to that in the 20 wt.% Cu–Ti–B4C system.

Generally, the increase of metal content may change the reac-
ion path and DTA curves; furthermore, the results in the present

3

3

various Cu contents and (b) XRD patterns of the DTA products.

xperiments indicate that the increase of Cu content can also
ffect the ignition process. According to the DTA results, the
forementioned ignition behavior can be well understood. The
nitiate of the SHS reaction in the Ti–B4C compacts without Cu
ddition was difficult and the ignition time was much longer
han those with Cu addition because the addition of Cu provides
n easier route. In addition, with the addition of 10–70 wt.% Cu,
he heat evolution from the formation of TixCuy intermetallics
nd the formation of subsequent Cu–Ti liquid exert a signifi-
ant effect in the ignition of SHS. When a low content of Cu
10 wt.%) is added, the contact chances between Cu and Ti are
mall, in turn, the released heat from these reactions forming
ixCuy intermetallics and the amount of Cu–Ti liquid are also

ow, which is unfavorable to promote the fast ignition of SHS.
ppositely, when a relatively high Cu content is added, the con-

act chances between Cu and Ti increase, the released heat from
hese reactions forming TixCuy intermetallics and the amount
f Cu–Ti liquid also increase, but the thermal conductivity of
he preforms increases substantially due to the high conductiv-
ty of excessive metal Cu. As a result, it is also difficult to ignite
he SHS reaction. The combination of the heat evolution from
he reactions and thermal conductivity of preforms makes the
hortest ignition time appear in the 20 wt.% Cu–Ti–B4C system.
.3. Reaction products

Fig. 6 shows the XRD results of the SHS products from the 10,
0, 50 and 70 wt.% Cu–Ti–B4C systems. As indicated, the prod-
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ig. 6. XRD patterns of the SHS reaction products in the samples with various
u contents.

cts in the 10, 30, 50 and 70 wt.% Cu–Ti–B4C system consist of
iC, TiB2 and Cu, without any intermediate phases, indicating

hat the reaction is complete, which is similar to those in the DTA
pparatus. Fig. 7 shows the typical microstructures at the frac-
ure surfaces of the SHS products from the 10, 30 and 50 wt.%
u–Ti–B4C systems. The individual TiC and TiB2 grains were
eveloped. Clearly, the TiC particles display the typical spher-
cal or round shape and TiB2 particles appears hexagonal or
ectangular. With the increase in the Cu reactant, the quantity
f the TiC and TiB2 grains reduces and their size decreases
onsiderably. This is explained as follows. With the addition of
u, the maximum combustion temperature is reduced and the
iC and TiB2 sizes become smaller since the particle growth
f TiC and TiB2 is an exponential function of the combus-
ion temperature. The particle growth of TiC and TiB2, on the
ther hand, also depends on the dwell time at high tempera-
ures. A higher combustion temperature and a longer dwell time
bviously favor the crystal growth. Increasing the Cu content
ecreases the dwell time at high temperatures, and therefore the
ize of the particles turns to be smaller. Moreover, the increase
f liquid metal surrounding ceramic particles gives rise to the
ncreased diffusion path, reduces the driving force for ceramic
articles growth, and prevents the sintering among ceramic par-

icles to form larger particulates. These are also responsible for
he microstructure evolution of the composites. Therefore, the
izes of the particulates turn to be smaller, with the increase of Cu
ontent.

l

(

ig. 7. The fracture surfaces of SHS products from Cu–Ti–B4C systems with
a) 10 wt.% Cu, (b) 30 wt.% Cu and (c) 50 wt.% Cu.

. Conclusions

In this work, the SHS reaction behaviors of the Cu–Ti–B4C
ystems with various Cu contents were investigated. The fol-

owing conclusions could be drawn:

1) Theoretical calculation of the adiabatic temperatures reveals
that the reaction in the Cu–Ti–B4C system is self-sustainable
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for the presence of 0–72.22 wt.% Cu in the reactants without
any preheat, which is generally consistent with the experi-
mental results. With the increase of Cu content, the adiabatic
temperature decreases greatly.

2) With the increase of Cu content, the combustion tempera-
tures and wave velocity decreases greatly, while the ignition
time shows first a remarkable decrease and then an increase
with the minimum value at 20 wt.% Cu.

3) The products in the 10–70 wt.% Cu–Ti–B4C system consist
of TiC, TiB2 and Cu, without any intermediate phases. With
the increase in the Cu reactant, the size of the TiC and TiB2
grain decreases considerably.
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