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Shock-induced phase transition ofb-Si3N4 to c-Si3N4
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National Institute for Research in Inorganic Materials (NIRIM), 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan
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~Received 14 June 2000!

Hugoniot curve~shock velocity vs particle velocity and pressure vs density! of b-Si3N4 has been measured
up to 150 GPa by a two-stage light gas gun and an inclined-mirror method. The Hugoniot elastic limit is
detected to be about 16 GPa. Above;36 GPa, a phase transition fromb-Si3N4 to c-Si3N4 is discovered. The
kinetics is very sluggish. This phase transition does not seem to complete at the highest pressure achieved in
this work, but an extrapolation gives a pressure of;180 GPa for the completion. Isentrope ofc-Si3N4 has been
determined from the Hugoniot data by fitting the Birch-Murnaghan equation of state. The zero-pressure bulk
modulus and its first pressure derivative are found to be 300610 GPa and 3.060.1, respectively. These values
are in agreement with the first-principles calculations, and therefore strongly support thatc-Si3N4 is a low
compressibility phase.
he
y

na
ice

nd
ce

e
. I
l

ve
id

es
ic

ra
n
te

r

a
te
te

o

se
e

he
tive
re

e
ors

en
sity

ea-
of
t
s.
e I.
e
ck
I. INTRODUCTION

Because of its advanced mechanical, electronic, and t
mal properties, silicon nitride (Si3N4) has been extensivel
studied.1,2 Two basic crystal structures, nameda andb, have
been known for a long time. Both of them are hexago
forms, butb phase is slightly denser due to its shorter latt
length in thec-axis direction. Of great interest, a third form
of Si3N4 with denser, cubic spinel structure (c-Si3N4) has
been synthesized recently3 at pressures above 15 GPa a
temperatures exceeding 2000 K by the diamond anvil
technique. The first-principles calculations3,4 predict that this
phase may have many interesting physical properties du
its special coordination of silicon atoms in the octahedra
particular, it is believed thatc-Si3N4 is a superhard materia
due to its low compressibility. The predicted3–5 zero-
pressure bulk modulus and its first pressure derivative
room temperature are 280–300 GPa and 3.48, respecti
They are comparable to those of the hardest known ox
~stishovite!.6 An experimental measurement on the compr
sion behavior ofc-Si3N4 is necessary to check these pred
tions.

Previously, the compression ofb-Si3N4 has been studied
under both static7 pressures up to 34 GPa at room tempe
ture and shock8 pressures up to 40 GPa, but no phase tra
formation was reported. Recently, we have demonstra9

that b-Si3N4 is transformed intoc-Si3N4 under shock wave
compression usingb-Si3N4 powders mixed with coppe
powders as pressure media. The yield ofc-Si3N4 increases
with increasing shock pressure and temperature, and ne
80% ofc-Si3N4 can be recovered from the samples subjec
to shock at 50 GPa and 2400 K. This observation promp
us to conduct the shock compression measurement
b-Si3N4 at pressures higher than 40 GPa, which may thr
light on the compressibility ofc-Si3N4.

In this paper, we report the Hugoniot curve~presssure vs
density! of b-Si3N4 up to 150 GPa. It is found that the pha
transition ofb- to c-Si3N4 starts at about 36 GPa. Isentrop
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of c-Si3N4 has been deduced from the Hugoniot data. T
results give a bulk modulus and its first pressure deriva
of 300610 GPa and 3.060.1, respectively, at zero pressu
and room temperature, indicating thatc-Si3N4 is a low com-
pressibility phase.

II. EXPERIMENTAL METHOD

Two kinds of b-Si3N4 sintered blocks were used as th
target material. They were fabricated by one of the auth
~H. Hirosaki!. The first one is black~hereafter called SN-A
for simplification!; the average grain size is about 2mm.
Sintering additives are Nd2O3 and Y2O3 with total amount of
2 wt. %. The second gray block~SN-B! is a nearly pure
b-Si3N4 with the grain size of 0.5mm and no additive. The
plate-shaped samples with size of about 10 mm312 mm
3(2.5– 3) mm were cut out from these blocks, and th
lapped and polished on both sides. The mean bulk den
was 3.236 g/cm3 for SN-A and 3.184 g/cm3 for SN-B with
an accuracy of 0.2% by the Archimedian method. The m
sured density of SN-B is very close to the x-ray density
b-Si3N4 ~3.200 g/cm3!.10 A sphere with a diameter of abou
3.7 mm was used for measurement of elastic propertie11

Ultrasonic data of SN-B at ambient state are listed in Tabl
An inclined mirror method12 was employed to measur

the shock velocity and free-surface velocity of the sho

TABLE I. Ultrasonic data ofb-Si3N4 ~SN-B sample! at ambi-
ent state.

Density 3.184 g/cm3
Longitudinal sound velocity 11.17 km/s
Transverse sound velocity 6.22 km/s
Bulk sound velocity 8.55 km/s
Bulk modulus 232.7 GPa
Shear modulus 123.2 GPa
Poisson’s ratio 0.275
11 412 ©2000 The American Physical Society
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TABLE II. Shock compression results ofb-Si3N4 by the inclined-mirror method.

Shot
no.

Initial
density
~g/cm3!

Impact
platea

Driver
platea

Impact
velocity
~km/s!

First wave Second wave Third wave

Shock
velocity
~km/s!

Particle
velocity
~km/s!

Pressure
~GPa!

Density
~g/cm3!

Shock
velocity
~km/s!

Particle
velocity
~km/s!

Pressure
~GPa!

Density
~g/cm3!

Shock
velocity
~km/s!

Particle
velocity
~km/s!

Pressure
~GPa!

Density
~g/cm3!

T-141 3.240 A B 3.67 11.21 0.422 15.3 3.367 9.39 0.668 22.8 3.462

T-137 3.244 A A 3.08 11.30 0.437 16.0 3.374 9.90 1.053 35.7 3.609 9.01 1.888 59.7 4

T-134 3.218 A A 3.87 11.33 0.443 16.1 3.349 9.79 1.089 36.3 3.597 8.34 2.483 72.7 4

T-143 3.197 A A 3.95 11.30 0.456 16.5 3.331 9.64 1.087 35.8 3.577 8.40 2.545 73.9 4

T-148b 3.184 A A 4.64 11.49 0.455 16.6 3.315 9.75 1.104 36.7 3.564 8.92 3.012 89.8 4.

T-145 3.262 A A 4.69 11.21 0.436 15.9 3.394 9.91 1.079 36.6 3.641 9.07 3.020 93.1 4

T-140 3.244 A A 5.30 11.38 0.459 17.0 3.380 10.03 1.089 37.3 3.618 9.75 3.410 110.1 4

T-144 3.244 C C 5.14 11.47 0.455 17.0 3.378 10.29 3.907 131.7 5.204

T-149 3.238 C C 5.52 11.56 0.451 16.9 3.369 10.88 4.172 147.7 5.237

aMaterial of impact and driver plates:~A! sus 304 stainless steel;~B! polycarbonate,~C! tungsten.
bSN-B sample was used in this shot, and SN-A samples in the other shots.
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compressed sample using an image converter streak ca
~Ultra nac FS 501!. The sweep rate of the streak camera w
55 ns/mm, which was calibrated against a modulated la
diode beam trace. A flyer plate~22 mm in diameter! was
accelerated to high velocity by a two-stage light-gas gu13

and then impacted onto the sample assembly. Polycarbo
stainless steel~sus304! and tungsten were used for the fly
and driver plates, for which the shock velocity and parti
velocity relationships are well known.14 The impact velocity
was measured by the cutting cw x-ray beam method with
accuracy of 0.3%.

Shock pressure and sample density were calculated f
the Rankine-Hugoniot equations15 based on the measure
shock velocity and particle velocity~approximated as the
half of the free-surface velocity!. In the case of a multi-wave
shock, the final shock compression state has been che
with the impedance-match solution.16

III. EXPERIMENTAL RESULTS

Impact velocity was varied between 3.0 and 5.5 km
corresponding to the shock pressures 28–150 GPa in
sample. Results of the experimental measurements are
marized in Table II. Multishock structures were observed
the streak camera records. A two-wave structure was s
below ;36 GPa. Beyond this pressure, however, a thr
wave structure was observed to a shock pressure of a
110 GPa. Figure 1 is a typical streak camera photograph
SN-B sample~shot T-148! at a final shock pressure 89.
GPa. Three waves are clearly indicated, and they repre
an elastic wave, a plastic wave and a mixed phase wave.
transition points of elastic-plastic and plastic-mixed pha
waves are determined by the intersections of the stra
lines drawn along the trace of each wave, respectively, fr
an amplified photograph~see the diagram at the right side
Fig. 1!. The determined results from different shots are c
sistent as indicated in Fig. 3 and Table II. The elastic wa
velocity is calculated from the time difference betweent1
and t0 with the known sample thickness. At timet2 , a clear
kink is caused by the elastic-plastic wave transition, and d
ing the time interval (t32t2) a plastic wave is visible. The
kink at time t3 indicates a phase transition~from b-Si3N4 to
c-Si3N4, as shown later!, and a mixed phase state maintai
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from time t3 to t4 . To look at the difference between SN-
and SN-B samples, a shot~T-145! was conducted at nearl
the same shock condition as that for shot T-148. Howev
no apparent difference has been detected as indicate
Table II.

The highest shock pressure achieved in this study
;150 GPa, where both flyer and driver plate were made
tungsten and the impact velocity reached 5.52 km/s. Figu
illustrates a streak camera record from this shot~T-149!,
which indicates a two-wave structure. Calculations show t
the first wave is an elastic wave and the second wave co
sponds to a mixed phase wave. A slight curvature is seen
the trace of the mixed phase wave, which may be cause
the sluggishness of the phase transformation.

FIG. 1. Sample assembly and the corresponding streak cam
record for shot T-148, indicating a three-wave structure. M1 to
are flat mirrors and M5 is an inclined mirror with an angle of abo
3°. The diagram at the right side is a schematic drawing from
enlarged photograph of streak record. The first, second, and
waves are seen during time intervalst02t2 , t22t3 , and t32t4 ,
respectively.
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The relation of shock velocity (Us) versus particle veloc-
ity (Up) is shown in Fig. 3, together with those by Ya
makawaet al.8 For the elastic wave, bothUs andUp exhibit
a good consistence and do not change significantly with
shock pressure. The average elastic wave velocity is 1
km/s, which is slightly higher than the longitudinal soun
velocity of 11.17 km/s at ambient pressure. Extrapolat

FIG. 2. Sample assembly and the corresponding streak ca
record for shot T-149, indicating a two-wave structure. The first a
second waves are seen during time intervalst02t2 , and t22t3 ,
respectively. The trace of mirror M1 is off at a bit early time th
M4, which might be due to the shield of the high speed gases lea
from the gun muzzle.

FIG. 3. Shock velocity (Us) versus particle velocity (Up).
Three regimes are as follows: I, elastic; II, plastic; III~A,B!, mixed
phase. A best fit to the IIIB regime givesUs54.58511.489Up with
Up.2.5 km/s. The dashed dot line is an extrapolation of the lin
fit. HEL: Hugoniot-elastic limit; PT: phase transition point.Cl and
Cb are the longitudinal and bulk sound velocities~Table I!, respec-
tively.
e
36

n

~the dashed line! of the shock velocity in the plastic regim
to Up50 km/s shows a result close to the bulk sound wa
velocity at ambient state. In the mixed phase regime~IIIB !,
shock velocity increases with increasing particle veloci
and a best fit gives Us54.58511.489Up for Up
.2.5 km/s. In regime IIIA, 2.5.Up.1.1 km/s, the shock
velocity is relatively high~shot T-137!, which might be as-
sociated with a nonequilibrium phase transition behavior
this pressure range. A similar phenomenon was reported
some ceramics.17,18When the shock pressure is high enoug
this effect becomes negligible.

Figures 4 and 5 illustrate the pressure and density r

ra
d

ed

r

FIG. 4. A comparison of pressure versus density between
shock compression and static measurements under pressures
50 GPa. The isentrope ofb-Si3N4 is computed with Eq.~3!.

FIG. 5. Pressure-density relation for the shock compression
b-Si3N4 up to 150 GPa. The dashed line at pressures above PT
computed Hugoniot curve which gives the best fit to the experim
tal Hugoniot data. The indicated isentrope ofc-Si3N4 is deduced
from this computed curve. The solid Hugoniot curve is calcula
with the linearUs;Up relation given in Fig. 3.
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tions of shock compressedb-Si3N4. The average Hugonio
elastic limit ~HEL! and phase transition~PT! pressure are
determined to be about 16 and 36 GPa, respectively.

Up to ;150 GPa, the observed free-surface trajecto
did not show any unstable or double inclined-mirror imag
which indicate that the shocked samples (Si3N4) are stable
and not dissociated.18,19 The calculated sample densitie
from the free-surface velocity measurements also con
that no low density substances~e.g., nitrogen!, are generated
under the current shock conditions.

IV. DISCUSSION

A. Phase transition

The phase transition detected by the Hugoniot meas
ments in the present experiments corresponds to a tran
mation fromb-Si3N4 to c-Si3N4. We have carried out shoc
recovery experiments to determine what phase is sho
induced above the transition pressure of 36 GPa.9 Recovered
samples fromb-Si3N4 has been converted to a cubic, spin
type phase.9 In those experiments, a powder mixture
b-Si3N4 and copper was used as the samples with a b
porosity of 30–40 %. At 21 GPa~temperature 1300 K!,
b-Si3N4 was stable, while at 33 GPa~1800 K!, about 30
wt. % of c-Si3N4 was recovered from the post-shoc
samples. Slightly higher transition pressure is observed
this study, which may be attributed to the lower shock te
perature generated in the sintered block samples. The ca
lated shock temperature for the sintered block sample
about 460 K at 36 GPa, which are much lower than tha
the recovery experiment.

Up to ;150 GPa, a mixed phase regime was obser
continuously. This fact indicates that the phase transfor
tion from b- to c-Si3N4 is very sluggish. To complete thi
transformation, higher shock pressures are required. Re
ring to Fig. 3, one may expect that the end of mixed ph
regime will appear if the shock velocity in the mixed pha
regime is equal to the elastic wave velocity at HEL. Abo
that, a single wave structure will appear and it would cor
spond to one phase regime ofc-Si3N4. By extrapolating the
current measurements to higher pressures~see the dashed do
line in Fig. 3!, and assuming 11.8 km/s to be the sho
velocity at the end of the mixed phase regime, it is expec
that a pressure of about 180 GPa is required to finish
phase transformation in a time interval of 200 to 300 ns,
shown in Figs. 1 and 2.

B. Isentrope of c-Si3N4

Given that the shock states between 36 and 180 GPa
attributed to a mixed phase ofb-Si3N4 and c-Si3N4, isen-
trope of c-Si3N4 is reduced from the experimentally dete
mined Hugoniot curve~pressure vs density! in terms of a
mixed phase model calculation.20–22

Defining l as the mass fraction ofc-Si3N4 in the mixed
phase, the specific volumeVm ~inverse of density! for the
mixed phase is written as

Vm5~12l!V11lV2 , ~1!
s
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and by ignoring the interaction effects between the t
phases the specific internal energyEm for the mixed phase is
expressed by

Em5~12l!E11lE2 , ~2!

whereV1 , V2 , E1 , andE2 are the corresponding quantitie
of each phase, subscripts~also in the following equations! 1
and 2 denoteb-Si3N4 andc-Si3N4, respectively.

The third-order Birch-Murnaghan equation of state~EOS!
is used to compute the isentropic pressurePs(V) for each
phase,

Ps~V!5
3K0

2 F S V0

V D 7/3

2S V0

V D 5/3G
3H 11

3

4
~K0824!F S V0

V D 2/3

21G J , ~3!

whereK0 andK08 are the zero-pressure bulk modulus and
first pressure derivative, andV0 andV are the zero-pressur
and high-pressure specific volumes, respectively.

Integration of Eq.~3! gives the isentropic energyEs(V) as

Es~V!52E
V0

V

Ps~V!dV, ~4!

With the assumption that the Hugoniot pressure and sh
temperature are common to both phases, a theoretical H
niot curve for the mixed phase is constructed on the basi
Eqs.~1!–~4!. Grüneisen EOS is applied to relate the isentr
pic pressure to the Hugoniot pressure for each phase,
givesE1 ~or E2) being an implicit function ofV1 ~or V2),

E15Es~V1!1@Ph2Ps~V1!#V1 /g1 , ~5!

E25Es~V2!1@Ph2Ps~V2!#V2 /g21Etr , ~6!

wherePh is the Hugoniot pressure,Etr is the transformation
energy ofb phase to cubic phase at ambient pressure
temperature, andg is the Grüneisen parameter which is ca
culated according to the following equation:

g

V
5

g0

V0
, ~7!

whereg0 is the value at the standard condition.
Substituting Eqs.~5! and ~6! into Eq. ~2! results in an

energy balance condition for the solution ofV1 andV2 . With
a given Hugoniot data point from the experiment~i.e., Ph
and Vm are known!, the left-hand side of Eq.~2! is deter-
mined by

Em5 1
2 Ph~V012Vm!, ~8!

whereV01 is the specific volume ofb-Si3N4 at zero pressure
The right-hand side, therefore, is a constraint on the ratio
V1 andV2 .

We have calculated the shock temperatureTh1 ~or Th2)
for each phase through

Th15Ts~V1!1@E12Es~V1!#/Cv1 , ~9!

or
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TABLE III. Physical parameters ofb-Si3N4 andc-Si3N4 used and determined in this study, together w
a comparison to the reports in literature.

Phase

Density
r0([1/V0)

~g/cm3!

Grüneisen
ratio
g0

Specific
heat
Cv

~J/g k!

Bulk
modulus

K0

~GPa!

Pressure
derivative

K08

b-Si3N4 3.236a 1.1b 0.7c 232.7d 4.0e

3.197f 27065f 4.061.8f

3.200g 259g

c-Si3N4 4.012h 1.2b 0.7c 300610i 3.060.1i

3.930j 300j

3.873k,l 280k,l 3.48k

aAveraged from SN-A samples. gReference 22.
bg05avK0V0 /Cv , with av51.0831025 K1 Ref. 2. hReference 9.
cReference 2. iDetermined in this study, see the tex
dUltrasonic data, see Table I. jReference 3.
eAssumed value, see the text and Fig. 4. kReference 4.
fReference 7. lReference 5.
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Th25Ts~V2!1@E22Es~V2!2Etr#/Cv2 , ~10!

whereCv is the specific heat at constant volume, andTs(V)
is the isentropic temperature determined by

Ts~V!5T0 expF2E
V0

V S g

VDdVG , ~11!

with T05293 K being the initial temperature.
The parametersV0 , g0 , andCv for both b- andc-Si3N4

phases are listed in Table III. Forb-Si3N4, there are com-
pression reports from both static7,23 and shock wave8 studies.
In Fig. 4, these data are compared with the present meas
ment at pressures below the phase transition point. A rea
able consistency between them is evident, but above H
the static data indicate more stiffness than the shock c
pression data. A bulk modulus of 27065 GPa, with the first
pressure derivative of 4.061.8, was reported by Liet al.7

This value seems to be slightly high. A recent study
means of Brillouin scattering measurement has shown a
modulus of 259 GPa for a single crystalb-Si3N4.

24 In this
study we used the bulk modulus of 232.7 GPa determined
the ultrasonic measurement~Table I!. With an assumed pres
sure derivative of 4.0, the isentrope ofb-Si3N4 exhibits a
good agreement with the shock compression data below
phase transition point~Fig. 4!. Since there is no data avai
able yet for the phase transition energy fromb to c phase, the
value of 821 J/g for the phase transition froma-quartz to
stishovite25 was adopted in the calculation. A similar stru
ture transformation takes place but with all silicon atoms i
octahedral coordinations linked with oxygen in thea-quartz
to stishovite transition.

Calculation is performed with the set of equations fro
Eqs. ~1!–~11!, coupled with appropriate isentrope o
c-Si3N4, to construct a theoretical Hugoniot curve for th
mixed phase. Taking a reference Hugoniot data point fr
the experiment,V1 and V2 are first resolved from Eqs.~9!
and ~10! with a presumed shock temperature (Th15Th2).
These results (V1 andV2) are subsequently substituted in
Eq. ~1! to calculatel, and into Eq.~2! to check the energy
re-
n-
L
-

y
lk

y

he

o

balance condition. Adjustment of the shock temperature
repeated until the energy balance condition is satisfied wi
less than 1%. In Fig. 5, the dashed line is a computed Hu
niot curve which gives the best fit to the experimental Hug
niot data. The isentrope ofc-Si3N4 deduced from this curve
is shown in the same figure, for which a best fit with t
Birch-Murnaghan EOS results in a bulk modulus and the fi
pressure derivative being 300 GPa and 3.0, respectively
zero-pressure and room temperature. The calculated m
fraction ofc-Si3N4 in the mixed phases is depicted in Fig.
It increases monotonously with increasing shock press
and shock temperature, and equals zero at the beginnin
the mixed phase regime and one at the end.

The uncertainties of phase transition energy and spe
heat may bring about possible errors in the above determ
tion. These effects have been checked and they do not a
the calculated bulk modulus and the pressure derivative
nificantly. WhenEtr is doubled from 821 to 1642 J/g,26 and
Cv from 0.7 to 1.3 J/g k,27 the variations ofK0 and K08 are
less than 3%. Therefore, we conclude that a bulk modulu
300610 GPa with the first pressure derivative of 3.060.1

FIG. 6. Variation of mass fraction ofc-Si3N4 in the mixed phase
regime between 36.4 and 180 GPa, calculated withK05300 GPa
andK0853.0 for c-Si3N4.
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can be inferred forc-Si3N4 from the present measurement
This result is in good agreement with the first-principle
calculations3–5 ~see Table III!, which strongly indicates that
c-Si3N4 is a low compressibility phase.

V. CONCLUSION

Hugoniot~pressure vs. density! data ofb-Si3N4 has been
determined up to the pressure 150 GPa. The phase trans
from b- to c-Si3N4 has been observed at pressures above
GPa. This transition is very sluggish and appears to comp
at about 180 GPa. Isentrope ofc-Si3N4 has been deduced
from the measurements, which gives the bulk modulus a
its first pressure derivative to be 300610 GPa and 3.0
.

ion
6
te

d

60.1, respectively, at zero-pressure and room tempera
These values strongly support thatc-Si3N4 is a low com-
pressibility phase. Given the fact that the hardness of co
lent materials increases with the bulk modulus,6 c-Si3N4 is
expected to be a superhard material, comparable to sti
vite.
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