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High pressure behavior of titanium–silicon carbide „Ti3SiC2…
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The dynamic high-pressure behavior and phase stability of titanium–silicon carbide (Ti3SiC2), a
unique ceramic having metal-like properties, was investigated in this study. Time-resolved
measurements of the Hugoniot equation of state, employing a plate impact geometry, were
conducted on the Ti3SiC2 samples in the pressure range of 50–120 GPa using a two stage light gas
gun. At pressures around 90–120 GPa, Ti3SiC2 was found to transform to a more compressed state.
Shock-recovery experiments were also performed on Ti3SiC2 powders at impact velocities of 1.5–2
km/s using a single capsule geometry, with and without the addition of copper powder to vary the
shock-loading pressure~calculated to be 22–58 GPa! and temperature~calculated to be up to
3250 °C! in the sample. No evidence of shock-induced decomposition was observed in these
recovery experiments performed on the Ti3SiC2 powders. ©2003 American Institute of Physics.
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I. INTRODUCTION

Titanium–silicon ternary carbide (Ti3SiC2) is a unique
material because it maintains high-temperature prope
and wear resistance typical of ceramics while also dem
strating metal-like properties including high electrical a
thermal conductivity, and easy machinability.1 It is an elasti-
cally stiff but soft ~low hardness! material. While in most
materials hardness typically scales with the elastic modu
Ti3SiC2 shows an anomalous behavior. It is very incompre
ible and it has a bulk modulus~206 GPa!2 similar to that of
TiC (;220 GPa). Its elastic modulus~320 GPa!1 and shear
modulus~133 GPa!2 are similar to those of metallic molyb
denum (E5318 GPa andm5122 GPa). On the other hand
its hardness is comparable to that of quenched high ca
steels. The unique properties of this ternary ceramic are
tributed to its layered structure, which consists of TiC oc
hedra separated by layers of silicon atoms. The incompr
ibility and the metal-like deformation response of th
ternary ceramic make it a potentially interesting damage
erant armor material.

Although the structural characteristics and mechan
properties of this material have been extensively studied
dynamic mechanical behavior and high pressure phase
bility have not been characterized. The static high press
compressibility properties were measured by Onoderaet al.2
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naresh.thadhani@mse.gatech.edu
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They found a continuous pressure–volume compressib
behavior, indicating no phase transformation or decomp
tion during static application of pressure up to 60 GPa
room temperature. This article will present results of d
namic high pressure compressibility and phase stability
havior determined from Hugoniot measurements perform
at pressures up to 120 GPa and recovery experiments
lowed by postmortem microstructural analysis.

II. EXPERIMENTAL PROCEDURE

The Ti3SiC2 samples used in the present work were sy
thesized using the method described in Ref. 1. They w
obtained from 3-One-2, LLC, in the form of 62.5-mm-dia
by 5-mm-thick disks, from which 10 mm312 mm rectangles
of 2.75 mm thickness were electo-discharged machined
performing the Hugoniot measurements. An x-ray diffracti
~XRD! pattern of the starting material is shown in Fig. 1~a!,
with the Ti3SiC2 peaks identified by theirhkl values. A trace
of TiC phase was also observed, as indicated in the figure
prepare the powder used in the recovery experiments, s
Ti3SiC2 compacts were ball milled using a Spex mill. XR
analysis of the ball-milled powder showed extensive pe
broadening as illustrated in Fig. 1~b!, but no obvious pickup
of impurity or change in composition.

Hugoniot experiments for equation of state measu
ments were conducted using a two-stage light gas gun a
National Institute for Materials Science~NIMS!, in Tsukuba,
Japan. The experimental setup3 shown in Fig. 2 was used to
il:
9 © 2003 American Institute of Physics

P license or copyright, see http://jap.aip.org/jap/copyright.jsp



ug
ir
-
re

a
al-
ea-

ing
he
a
tile
bot
im-

a-
n a
ram-

in
ce
the
ned

in
ted
ak
how

ata
me

red

the

an
a

ce

ine

he
ctile
ed in
eloc-

9640 J. Appl. Phys., Vol. 93, No. 12, 15 June 2003 Jordan et al.
measure the shock velocity based on time of travel thro
the sample thickness, given by the extinction times of m
rors M1/M4 andM2/M3. The particle velocity was deter
mined from the free surface velocity, which was measu
using the inclined mirror method. Signals from mirrorsM1,

FIG. 1. X-ray diffraction patterns of:~a! as-received~starting! material used
for time-resolved Hugoniot measurements and~b! as-ground powder used
for shock recovery experiments, with the Ti3SiC2 peaks identified by their
hkl values and trace of TiC phase denoted by~* ! symbol.

FIG. 2. Schematic of the inclined mirror method of measuring shock
free surface velocity. The inclined mirror is indicated by IM, and the fl
mirrors are indicated byM12M4. Extinction of the reflectivity of mirrors
M1 andM4 indicate the arrival time of the shock wave at the front surfa
of the sample. Extinction of the reflectivity ofM2 and M3 indicates the
arrival of the shock wave at the back surface of the sample. The incl
mirror gives a profile of the free surface velocity with time~Ref. 3!.
Downloaded 30 Jun 2004 to 130.207.165.29. Redistribution subject to AI
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M2, M3, M4, and the inclined mirror were recorded using
streak camera. Values of the particle velocity were also c
culated using the impedance matching method and the m
sured impact velocity.

The shock recovery experiments were conducted us
the NIMS propellant gun. As shown in the schematic of t
impact setup in Fig. 3,4 the powder sample is placed in
metal container, which is used as the target. The projec
consists of a metal flyer plate mounted on a plastic sa
with a magnet embedded in it, to measure the projectile
pact velocity.4

III. RESULTS AND DISCUSSION

Hugoniot equation of state experiments involved me
surements of shock and particle velocities recorded o
streak camera. The numerical values of the measured pa
eters @shock (Us) and particle velocity (Up)] for experi-
ments performed at different impact velocities are given
Table I. The particle velocity calculated from the impedan
matching method is also listed. It should be noted that
calculated particle velocities are lower than those obtai
from free surface velocity measurements. The difference
the measured and calculated particle velocities is attribu
to the presence of tilt in the experiment. While the stre
camera records of free surface velocity measurements s
interesting features~to be discussed later!, only the calcu-
lated particle velocity values are used for subsequent d
analysis. Values of the shock pressure and relative volu
(V/V0) calculated using jump conditions and the measu
Us and calculatedUp values are also listed in Table I.

The shock temperature was also calculated from
Hugoniot experiments based on the following equation:5

TH5T0 expF S g0

V0
D ~V02V!G1

PH~V02V!

2CV

1
1

CV
E

V0

V

PS dV2
DEtr

CV
, ~1!

d
t

d

FIG. 3. Schematic of recovery experiment using NIMS propellant gun. T
powder sample in a metal container is used for the target. The proje
consists of a metal flyer plate and a plastic sabot with a magnet embedd
the rear surface. The magnet is used to measure the projectile impact v
ity ~Ref. 4!.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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TABLE I. Summary of results from equation of state experiments.

Shot No.
Impact

geometry
Velocity
~km/s!

MeasuredUS

~km/s!a
MeasuredUP

~km/s!b
CalculatedUP

~km/s!c
Calculated pressure

~GPa!
Calculated

V/V0

Calculated temperature
~K!

T-177 Aluminum flyer stainless
steel driver

3.61 8.5360.1 1.88 1.27 49 0.85 607

T-175 Stainless steel flyer
and driver

4.02 9.3160.2 3.18 2.31 96 0.75 1468

T-176
~two slopes!

Stainless steel flyer
and driver

4.87 9.6760.2 2.31 2.81 122 0.71 2169

9.2160.2 3.67 2.86 118 0.69 2052

aShock velocity measured based on the extinction times of mirrorsM1/M4 andM /2/M3 in Fig. 1~a!.
bParticle velocity determined from the free surface velocity, which was measured using the inclined mirror method.
cParticle velocity calculated from the impedance matching method.
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whereTH is the shock temperature,T0 is a reference tem
perature,g0 is the Mie–Gruneisen coefficient,PH is the
shock pressure,V0 is the specific reference volume,CV is the
constant volume heat capacity, andPS is given by the Birch–
Murnaghan equation

PS5
3K0

2 F S V0

V D 7/3

2S V0

V D 5/3G
3F113S K08

4
21D S S V0

V D 2/3

21D G , ~2!

whereK0 is the bulk modulus andK08 is the pressure deriva
tive of the bulk modulus. The values ofK0 and K08 were
taken to be 206 GPa and 4, respectively, from Onode
results.2 The values ofC0 andS were obtained from theUs

2Up linear relationship calculated using Onodera’s data,

FIG. 4. ~a! Streak record from experiment T-177;~b! streak record from
experiment T-175; and~c! streak record from experiment T-176.
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scribed later. The value of the Gruniesen constant,g0 was
approximated to be equal to 2S21. The integral ofPS in the
above equations was evaluated numerically. The calcula
shock temperatures determined from the Hugoniot exp
ments are presented in Table I.

The streak records of the three inclined mirror expe
ments are shown in Figs. 4~a!–4~c!. Figure 4~a! shows a
clear record of free surface velocity with a single slope. F
ures 4~b! and 4~c! show blurred edges in the records of th
free surface velocity. The blurred edges may be indicative
the presence of several phases having been formed du
shock-induced structural or chemical changes. The hig
pressure record@Fig. 4~c!# shows a distinct change in slop
illustrating an obvious change in the state of the materia
a result of a shock-induced transformation.

Figure 5 shows the static pressure–volume compress
ity data of Onoderaet al.2 extended to higher pressures b
curve fitting the data. The pressure–volume data obtai
from the measured shock velocity and calculated particle
locity in the present experiments~listed in Table I! are also
shown in Fig. 5. It can be seen that while the 49 GPa d
point falls on the same curve as that of the low press
~static! data of Onoderaet al.,2 data obtained from the
present experiments at two higher pressures show devia
indicating possible phase change to an increased comp
ibility state.

The static high pressure data from Onoderaet al. was
also converted to shock and particle velocity data using ju

FIG. 5. Pressure vs volume plot with Onoderaet al. ~Ref. 2! data and data
from the three equation of state experiments.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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conditions. The linear fit to the data yielded the sho
velocity-particle velocity relationship given by the follow
ing:

US56.7011.34*UP . ~3!

Figure 6 shows theUs2Up data obtained from the curren
shock experiments at high pressures plotted along with
static high pressure data of Onoderaet al.2 Values of longi-
tudinal, shear, and bulk sound speed of the Ti3SiC2 samples
measured using an ultrasound technique are also present
can be seen that the low pressure~49 GPa! data point from
the present work falls on the sameUs2Up linear trend ex-
trapolating on Onoderas’ data, while the higher pressure
points show a deviation from linearity to an increased co
pressibility state. The deviation is again indicative of a p
sible phase change from a lower to higher density state,
curring in the range of 50–75 GPa. Evidence of pha
change is further confirmed by the blurred edge of the
clined mirror record in experiment T-175~at ;96 GPa),
shown in Fig. 4~b!, and the presence of two distinct slopes
the streak record of experiment T-176~at ;122 GPa), shown
in Fig. 4~c!.

Shock compression recovery experiments were also
formed on Ti3SiC2 using the fixture illustrated in Fig. 3. A
summary of the recovery experiments conducted is give
Table II. One experiment~Shot No. 926! contained pure
Ti3SiC2 powder, and two experiments~Shot Nos. 927 and
930! contained Ti3SiC2 powder mixed with copper powde

FIG. 6. Particle velocity vs shock velocity with Onodera’s data and d
from the Tsukuba experiments. Onodera’s data was converted from th
ported pressure–volume data usingUs5C0V0 /V02S(V02V1) and Up

5(C0/2S)@A11(4S/r0C0
2)P21#. The particle velocities in the Tsukub

experiments were calculated from the measured shock velocity usin
impedance matching method.
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The copper powder was used to increase the maximum p
pressure and correspondingly the shock energy and bulk
perature generated during shock compression. Shock c
pression of the powders in solid-density containers, can
dominated by two-dimensional wave propagation effec
Hence, Autodyn-2D,6 a wave propagation code, was used
compute the peak pressures and bulk temperatures gene
in the 18-mm-diam by 1-mm-thick region of the powd
compacts. The range of equilibrated peak shock press
and maximum bulk shock temperatures at the impact
nonimpact surfaces calculated with Autodyn-2D for expe
ments 930, 926, and 927 are given in Table II. It can be s
that the equilibrated peak shock pressure is only sligh
higher in the Ti3SiC21 copper powder experiment~No. 927!
compared to that in the Ti3SiC2 experiment~No. 926! both
of which were conducted at 2 km/s. However, the cor
sponding maximum bulk shock temperature in the exp
ment with the copper powder~No. 927!, in contrast to that in
just Ti3SiC2 ~No. 926!, is much higher due to the large
internal ~strain! energy and lower specific heat associat
with the addition of copper. Likewise, the highest peak pr
sure in the recovery experiments is in the range of the
pressure Hugoniot experiments, however the temperatur
these recovery experiments is higher due to the higher c
pression associated with powders~72%–91% dense!.

The x-ray diffraction patterns of the recovered sho
compressed samples and the starting powder are show
Fig. 7. Ti3SiC2 is indicated by the symbol~* !, (x) indicates
TiC peaks, and (¿) indicates peaks corresponding to ste
contamination, due to interaction with the container mater
It can be seen that while the amount of the contaminat
phase increases with increasing pressure and temper

a
re-

an

FIG. 7. X-ray diffraction patterns of recovery experiments where an~* !
indicates the Ti3SiC2 peaks, an (x) indicates TiC peaks, and (¿) indicates
steel contamination.
0
0
0

TABLE II. Summary of recovery experiments.

Shot No. Powder
Initial density

~% TMD!
Projectile velocity

~km/s!

Peak pressure~GPa!
Maximum bulk

temperature~°C!

Impact Nonimpact Impact Nonimpact

930 93% Cu1Ti3SiC2 91 1.49 22–27 31–43 1360–1430 1810–216
926 Ti3SiC2 72 1.96 46–47 47–49 1090–1210 1330–140
927 93% Cu1Ti3SiC2 81 1.97 43–45 46–58 2380–2440 2940–325
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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~maximum in the sample containing Cu mixed with Ti3SiC2

powder!, the Ti3SiC2 phase itself remains present in all
the recovered shock-compressed samples without unde
ing any decomposition or phase change under the impo
shock-loading conditions.

While the powder recovery experiments show no e
dence of shock-induced decomposition of Ti3SiC2 , time-
resolved measurements performed to determine the pres
versus-volume compressibility and Hugoniot equation
state show clear evidence of a pressure-induced phase t
formation to a high-density state at pressures exceeding
GPa. The streak camera records of experiments performe
96 and 122 GPa, show distinct features~blurred edges and
change in slope! indicative of events corresponding to
phase change. Likewise, the pressure-versus-volume
shock-velocity versus particle velocity plots show obvio
deviations from the trends at lower pressure, thereby pro
ing clear evidence of the transformation of Ti3SiC2 to a more
condensed phase~s!.

It should be noted that the thermal decomposition
Ti3SiC2 at ambient pressure has been reported to be gre
than 2300 °C, with the decomposition products believed
be Ti3C2 and silicon.7,8 The calculated bulk temperature pr
duced during shock compression in the experiments c
ducted in the present work is greater than the decompos
temperature. However, the time at temperature is not s
cient for diffusion-type reactions to occur. The phase cha
observed in Hugoniot experiments is an effect of pressu
induced phase transformation. The lack of pressure-indu
phase change or thermally initiated decomposition in rec
ery experiments is not an unexpected result under the
posed shock loading conditions.
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IV. CONCLUSIONS

Time-resolved measurements of pressure–volume c
pressibility and Hugoniot equation of state were conduc
on titanium–silicon carbide (Ti3SiC2) samples in the pres
sure range of 50–120 GPa. At pressures around 90–
GPa, Ti3SiC2 was found to transform to a more condens
state. Shock-recovery experiments were also performed
Ti3SiC2 powders, with and without the addition of copp
powder to vary the shock-loading pressure and tempera
history in the sample. No evidence of shock-induced deco
position was observed in these experiments.
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