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From the values of o, for uniaxial tension and o. for the
compression test, it results

(l:i |0c‘_0t :i |0c|0t
V3 |o|+o, V3 [oc|+o;

For €,=0.1%o, 0,=16.0 MPa and |o.| =23.8 MPa. From
these stresses, oo = 0.113 and k= 11.05 MPa are obtained. The
yield condition, resulting in an ellipse, is plotted in Fig. 10. The
torsion results show slight deviations from the ellipse only.

Proposal for finite deformations under an electric field: In the
preceding considerations, multiaxiality was determined for
unpoled material and in the absence of any electric field. In
order to allow considerations for the more general case of
poled materials under an electric field, we propose the fol-

(10)

lowing rough estimation: Determine the uniaxial stress strain
curves as done in Section 2.1 under the relevant poling and
electric field conditions, use these data to compute the param-
eters a and x of Equation 10, and construct the biaxial defor-
mation diagram according to Fig. 10a. This may also be done
for larger strains. A result is plotted in Fig. 10b for a plastic
strain of €,;=0.5 %0 and E=0 and -0.5 kV/mm, with the full
circles taken from Figs. 2 and 3.

In the present study, a commercial soft PZT is investigated
in tests at varying electric fields. Strain measurements in pure
tension and compression tests were carried out for the un-
poled and the poled material. The deformation under biaxial
loading is studied in torsion tests carried out on thin-walled
tubes made of the unpoled PZT. These tests allow to deter-
mine the non-symmetric yield condition for the plastic defor-
mations and to describe it with the Drucker-Prager criterion.
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Effect of the Temperature of
Molten Magnesium on the
Thermal Explosion Synthesis
Reaction of Al-Ti-C System for
Fabricating TiC/Mg Composite**

By Qi Chuan Jiang,* Hui-Yuan Wang,
Qing-Feng Guan, and Xin-Lin Li

Considerable efforts have been devoted to the develop-
ment of novel, lightweight engineering materials during the
last decades.""! Metal matrix composites (MMCs) are a class
of materials that seek to combine the high strength and stiff-
ness of a ceramic with the damage tolerance and toughness
provided by a metal matrix.”! Recently, there has been a great
deal of interest in the development of particulate reinforced
magnesium MMCs due their unique combination of proper-
ties such as a high specific modulus and high specific
strength.>”! The reinforcement based on TiC particulates is
attractive for the magnesium alloy matrix because of its good
wettability with magnesium.[sl Importantly, novel processing
techniques based on in-situ synthesis of magnesium MMCs
have emerged in recent years.” " In-situ techniques involve
exothermic chemical reactions among elements or between
an element and a compound resulting in formation of a very
fine and thermodynamically stable reinforcing ceramic phase
within a metal matrix.”'? This consequently provides ther-
modynamic compatibility at the metal-reinforcement inter-
face.">" Since the reinforced surfaces are also likely to be
free of contamination, a stronger matrix-reinforcement bond
can be achieved.>!

During the in-situ composite fabrication, however, the
“inert” matrix acts as a diluent, which may make the propa-
gation of the combustion wave unstable owing to the strong
heat dissipation in the “inert” metal matrix.®'! In this case,
therefore, if the phases formed are different from the thermo-
dynamically stable phase, they might remain as metastable
phases in the product, leading to inhomogeneous microstruc-
tures. The mechanisms responsible for the in-situ formed
TiC/Mg composites in the Al-Ti-C system are still not well
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understood. The purpose of the present study is to investigate
the effect of the temperature of molten magnesium on the
thermal explosion synthesis reaction of the Al-Ti-C system
for fabricating a TiC/Mg composite.

The preforms in this study were made from commercial
powders of 30 wt.-% aluminum (98.0 % purity), 56 wt.-% tita-
nium (99.5% purity), and 14 wt.-% graphite (99.9 % purity),
all with an average particle size less than 44 um. Titanium
and carbon powders were at a ratio corresponding to that of
stoichiometric TiC. After being sufficiently mixed, the blends
were pressed into cylindrical preforms (20 mm diameter and
15 mm length) by using a stainless steel die with two plun-
gers. The green preforms were pressed uniaxially at pres-
sures ranging from 70-75 MPa to obtain densities of 75 %
+2 % theoretical density. According to our previous study,"”
the preforms were preheated in a vacuum oven at 450 °C for
3 h to eliminate moisture. About 1 kg of commercial AZ91D
magnesium alloy melts were prepared in a graphite crucible
in an electric resistance furnace under a SF;/ Ar protective at-
mosphere at 700, 750, 800, 850, and 900 °C, respectively. The
preforms with a preheat temperature of 450°C were then
added into the prepared molten magnesium. The starting
point of the reaction can be determined by observing the evi-
dence of a dazzling light that originates from the reacted pre-
form. When the exothermic reaction was over, the magne-
sium melt was held at that temperature for 10 min. Stirring
was carried out with a graphite stirrer for 20 min. to assist the
dispersion of the generated TiC particulates into the molten
magnesium. The composite melts were cast into a copper
mold to produce ingots of @ 55 x 100 mm.

Microstructures and phases of the composites were inves-
tigated by using scanning electron microscopy (SEM) (Model
JSM-5310, Japan) and XRD (Model D/Max 2500PC Rigaku,
Japan).

According to,'” the exothermic reaction that occurs be-
tween molten magnesium and preform is a self-propagating
high-temperature synthesis (SHS) reaction with a simulta-
neous combustion mode. In this process, the entire preform is
heated by the heat of molten magnesium at a constant rate to
the ignition temperature (T)) to initiate the reaction. It can also
be considered a thermal explosion synthesis (TES) mode reac-
tion, since the exothermic reaction is initiated throughout the
entire preform.['®!”!

Figures 1 and 2 show the SEM microstructures and XRD
patterns of TiC/AZ91D composites utilizing the TES reaction
between molten magnesium and Al-Ti—C preforms with the
temperature of molten magnesium of 700, 750, and 900 °C, re-
spectively. When the temperature of molten magnesium is
700°C in addition to fine TiC particulate, a little amount of
blocky TiAl, is also found in the composite. When the tem-
perature is increased from 750 °C to 900 °C, only TiC is found
in the composites.

Figure 3 shows the changes of incubation time for the TES
reaction on the molten magnesium temperature. The duration
of the incubation time for the TES reaction is taken from the

Fig. 1. SEM microstructures of TiC/[AZ91D composites utilizing the TES reaction
between molten magnesium and Al-Ti-C preforms with a temperature of molten mag-
nesium of a) 700 °C, b) 750 °C, and c) 900 °C.

A AMg ATIC = TiAl,
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Fig. 2. XRD patterns of TiC/AZ91D composites utilizing the TES reaction between
molten magnesium and Al-Ti—C preforms with a temperature of molten magnesium of
a) 700 °C, b) 750 °C, and c) 900 °C.

Intensity

point of putting the preform in the molten magnesium to the
starting point of exothermic reaction. In this study, the incuba-
tion time is measured by the second counter. The temperature
profile of a preform undergoing the TES reaction in molten
magnesium should be determined by the heat released from
the compound formation as well as heat transfer from or to the
reaction environment (molten magnesium). The degree of
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Fig. 3. The changes of incubation time for the TES reaction on the molten magnesium
temperature.

precombustion reaction, therefore, should have a very close
relationship with the temperature profile. In this study, the
precombustion reaction is the reaction that occurs during the
duration of the incubation time for the TES reaction process.
The heating rate to ignition temperature of the prefrom in-
creases as the temperature of molten magnesium is increased.
Lee et al.’® have studied the effects of heating rate on the
temperature profile of the TES mode reaction in a furnace un-
der an argon protective atmosphere. Based on the experi-
ment, they concluded that the volume fraction of the reac-
tants consumed decreases as the heating rate is increased
during the precombustion duration in Al-Ti system. Accord-
ing to our previous study,IlOJ the addition of aluminum pro-
vides an easier route for the TiC formation in the Al-Ti—C
preform. During the TES process, the reactions between Al
and Ti to form TiAl, (TiAl, TiAl;) compounds occur initially,
which further react with C to form a more thermodynamical-
ly stable TiC."" It is believed that the Al-Ti reaction is initiat-
ed by the heat of molten magnesium; however, further
TiAlL—C reaction is ignited by the heat release of the Al-Ti re-
action. Therefore, the Al-Ti reaction is a predominant reac-
tion during the precombustion duration in the incubation
time for the TES reaction. Philpot et al.'® noted that the
phases formed during the precombustion reaction are not al-
ways the same as the intended (thermodynamically stable)
phase, because reaction kinetics determines which phase will
form during the reaction. When the temperature of the mol-
ten magnesium is 700 °C, the heating rate to the preform is
relatively lower. In this case, a significant fraction of reactants
is consumed during the precombustion duration, forming
TiAl, compounds, which might remain as metastable phases
in the product. The TiAl, phases were found in the compos-
ite, as shown in Figures 1a and 2a, confirming that the exis-
tence of the precombustion reaction did occur between Al
and Ti in the Al-Ti-C preform and molten magnesium.
Depending on the increase in the temperature of molten
magnesium, the incubation time for the TES reaction is de-
creased exponentially because the increase in the molten
magnesium temperature reduces the time taken to reach the
ignition conditions such as the ignition temperature. Todes

reported that the adiabatic induction period of TES (t,,) at T;
was described as follows.!'%1%-20!
RT? ¢

— i P )
fa = ok, exp(E/RT;) (1

where E is the activation energy, | mol™%; cp is the thermal ca-
pacity, JKmol™; Q is the heat of reaction, Jmol™; R is the gas
constant, 8.314 Jmol 'K, T; is the ignition temperature, K;
and ky is the pre-exponential factor of the homogeneous reac-
tion, s (It should be noted that the ¢ p in!"*'"! may be a typo-
graphical error, and they actually mean c, in Equation 1).

From Equation 1, it follows that the adiabatic induction
period of TES (t,;) has an inversely proportional relationship
with the reaction heat (Q). Furthermore, the reaction heat
increases with the increase in the volume fraction of the reac-
tants, which are a source of exothermic heat. According to,!"®!
the volume fraction of the reactants consumed decreases as
the heating rate is increased during the precombustion dura-
tion, and another result of this is that the reaction heat in-
creases as the temperature of molten magnesium is increased
during the combustion duration. Consequently, the adiabatic
induction period of the TES (t,,), which is the same as the incu-
bation time for the TES reaction, has an inversely proportional
relationship with the volume fraction of the reactants. As a
result, the incubation time decreases as the temperature of
molten magnesium is increased. This relationship is in accor-
dance with the result of this experiment, as shown in Figure 3.

Based on the experimental result, higher temperature of
molten magnesium results in higher conversion of the reac-
tants in the Al-Ti—C preform to the thermodynamically stable
TiC particulate during the TES reaction process. This phe-
nomenon should be due to the formation of a lesser amount
of precombustion products and lower incubation time.

The duration of the incubation time for the TES reaction of
the Al-Ti—C preform decreases as the temperature of molten
magnesium is increased. Higher temperature of molten mag-
nesium results in higher conversion of the reactants to the
thermodynamically stable TiC particulate during the TES re-
action process.
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Fabrication, Microstructure, and
Mechanical Properties of Tip/Al
Composite**

By Chunxiang Cui,* Yutian Shen, Yanchun Li,
Jibing Sun, and Suek-Bong Kang

The demand for advanced materials in modern industry
and technologies is increasing, because pure metals and sim-
ple alloys can not meet the needs of society. Metal matrix
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composites (MMCs) are advanced materials that have been
one of the hot fields of materials research.!"?

MMCs, especially aluminum- and titanium-based materi-
als, have a high potential for advanced structural applications
in which high specific strength and modulus, as well as good
elevated-temperature resistance, are important. Particulate-
reinforced MMCs are of special interest because of their ease
of fabrication, low cost, and more isotropic properties. The
properties of MMCs are controlled by the size and volume
fraction of the reinforcement phase as well as by the nature of
the matrix-reinforcement interface: an optimum set of
mechanical properties tends to be obtained when fine and
thermally stable ceramic particulates are dispersed in a metal
matrix.

Traditionally, MMCs have been produced by processing
techniques such as powder metallurgy,"? preform infiltra-
tion,*! spray deposition, mechanical alloying, and various
casting technologies, such as squeeze casting, rheocasting, and
compocasting.*® Such methods are based on the addition of
the particulate reinforcement to the matrix material in molten
or power form. The scale of the reinforcing phase is limited by
the starting-power size, which is typically of the order of
microns to tens of microns, and rarely less than 1 um.

In traditional MMC processing it is often necessary to im-
prove the wetting between the molten metal and the particu-
late (which is typically poor) in order to obtain a good bond
between the matrix and reinforcement. This problem can be
resolved by adding a strongly reactive alloying element such
as Mg or Li, or by coating the particulate. Mechanical stirring
or pressure infiltration can also be helpful. Other difficulties,
such as uneven distribution of reinforcements, interfacial re-
actions between the matrix and reinforcements, and control
of volume fraction are often encountered during the fabrica-
tion of MMCs. Such factors can adversely affect the proper-
ties of the product.

In recent years, new processing techniques based on in
situ production of MMCs have emerged. In situ techniques
involve a chemical reaction resulting in the formation of a
very fine and thermodynamically stable reinforcing ceramic
phase within a metal matrix. As a result, this provides ther-
modynamic compatibility at the matrix-reinforcement inter-
face. The reinforcement surfaces are also likely to be free of
contamination and, therefore, a stronger matrix—dispersion
bond can be achieved. Some of these technologies include
DIMOX™, XD, PRIMEM™, reactive gas infiltration, high-
temperature self-propagating synthesis (SHS), liquid—solid
or solid-gas-liquid reactions,”*
MM(Cs."!

Thus in situ composites are a new topic of interest in
MMC research. They have some advantages over traditional
MMCs, such as excellent interfacial bonding and easy pro-

and plasma in situ

duction technology. In situ hybrid composites may contain
many kinds of reinforcing phases and possess excellent prop-
erties, so they are another new research interest.
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