PHYSICAL REVIEW B VOLUME 62, NUMBER 17 1 NOVEMBER 2000-I

Shock-induced phase transition off3-SisN, to c-SisN,4

Hongliang He, T. Sekin&, T. Kobayashi, and H. Hirosaki
National Institute for Research in Inorganic Materials (NIRIM), 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan

Isao Suzuki
Department of Earth Science, Okayama University, Okayama 700-8530, Japan
(Received 14 June 20D0

Hugoniot curve(shock velocity vs particle velocity and pressure vs densify3-SisN, 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. Abov86 GPa, a phase transition frofa Si;N, to c-SizN, 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-a80 GPa for the completion. IsentropemBSi;N, 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=3MMGPa and 3.00.1, respectively. These values
are in agreement with the first-principles calculations, and therefore strongly suppoct 8, is a low
compressibility phase.

. INTRODUCTION of ¢c-Si;N, has been deduced from the Hugoniot data. The
results give a bulk modulus and its first pressure derivative
Because of its advanced mechanical, electronic, and thebf 300+ 10 GPa and 3.80.1, respectively, at zero pressure
mal properties, silicon nitride (§N,) has been extensively and room temperature, indicating thaSi;N, is a low com-
studied™? Two basic crystal structures, namedndg, have pressibility phase.
been known for a long time. Both of them are hexagonal
forms, butg phase is slightly denser due to its shorter lattice
length in thec-axis direction. Of great interest, a third form
of SizN, with denser, cubic spinel structure-Si;N,) has Two kinds of B-SizN, sintered blocks were used as the
been synthesized recerttipt pressures above 15 GPa andtarget material. They were fabricated by one of the authors
temperatures exceeding 2000 K by the diamond anvil cel{H. Hirosakj. The first one is blackhereafter called SN-A
technique. The first-principles calculatidfipredict that this  for simplification; the average grain size is aboutgan.
phase may have many interesting physical properties due ®intering additives are N®; and Y,O; with total amount of
its special coordination of silicon atoms in the octahedra. Irp wt. %. The second gray blociSN-B) is a nearly pure
particular, it is believed that-SisN, is a superhard material 3-Si;N, with the grain size of 0.5um and no additive. The
due to its low compressibility. The predicted zero-  plate-shaped samples with size of about 10xt@ mm
pressure bulk modulus and its first pressure derivative ak (2.5-3) mm were cut out from these blocks, and then
room temperature are 280—-300 GPa and 3.48, respectiveljapped and polished on both sides. The mean bulk density
They are comparable to those of the hardest known oxidgyas 3.236 g/cr°hf0r SN-A and 3.184 g/anfor SN-B with
(stishovite.® An experimental measurement on the compresan accuracy of 0.2% by the Archimedian method. The mea-
sion behavior oft-SizN, is necessary to check these predic-sured density of SN-B is very close to the x-ray density of
tions. B-SisN, (3.200 g/cm).’° A sphere with a diameter of about
Previously, the compression gfSisN4 has been studied 3.7 mm was used for measurement of elastic propefties.
under both staticpressures up to 34 GPa at room temperaltrasonic data of SN-B at ambient state are listed in Table I.
ture and shockpressures up to 40 GPa, but no phase trans- An inclined mirror metho? was employed to measure
formation was reported. Recently, we have demonstfatecthe shock velocity and free-surface velocity of the shock
that B-SizN, is transformed inta-SizN, under shock wave
compression using3-SisN, powders mixed with copper TABLE I. Ultrasonic data of8-Si;N, (SN-B sample at ambi-
powders as pressure media. The yieldceBisN, increases ent state.
with increasing shock pressure and temperature, and neary

II. EXPERIMENTAL METHOD

80% ofc-Si;N, can be recovered from the samples subjecteddensity 3.184 glcm3
to shock at 50 GPa and 2400 K. This observation promptetlongitudinal sound velocity 11.17 km/s
us to conduct the shock compression measurement ofransverse sound velocity 6.22 km/s
B-SisN, at pressures higher than 40 GPa, which may throwsulk sound velocity 8.55 km/s
light on the compressibility o€- Si;N,. Bulk modulus 232.7 GPa

In this paper, we report the Hugoniot curg@esssure vS Shear modulus 123.2 GPa
density of B-SizN, up to 150 GPa. It is found that the phase poisson’s ratio 0.275

transition of 8- to c-SigN, starts at about 36 GPa. Isentrope
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TABLE Il. Shock compression results @f-SisN, by the inclined-mirror method.

First wave Second wave Third wave

Initial Impact Shock Particle Pressure Density Shock Particle Pressure Density Shock Particle Pressure Density
Shot  density Impact Driver velocity velocity velocity (GPa (g/cnt) velocity velocity (GPa  (glcnt) velocity velocity (GPa  (g/cnt)
no. (g/cn?) plat¢t plate (km/9 (km/s  (km/9) (km/s)  (km/s) (km/g)  (km/9)
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 4.034
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 4.454
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 4.467
T-148 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 4.715
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 4.809
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  4.942
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

3Material of impact and driver plate$A) sus 304 stainless ste€B) polycarbonate(C) tungsten.
PSN-B sample was used in this shot, and SN-A samples in the other shots.

compressed sample using an image converter streak camdram timet; to t,. To look at the difference between SN-A

(Ultra nac FS 501 The sweep rate of the streak camera wasand SN-B samples, a sh6f-145 was conducted at nearly

55 ns/mm, which was calibrated against a modulated laseéhe same shock condition as that for shot T-148. However,

diode beam trace. A flyer plat?2 mm in diameterwas no apparent difference has been detected as indicated in

accelerated to high velocity by a two-stage light-gas tun, Table II.

and then impacted onto the sample assembly. Polycarbonate, The highest shock pressure achieved in this study was

stainless steglsus304 and tungsten were used for the flyer ~150 GPa, where both flyer and driver plate were made of

and driver plates, for which the shock velocity and particletungsten and the impact velocity reached 5.52 km/s. Figure 2

velocity relationships are well knowi.The impact velocity illustrates a streak camera record from this stibtl49),

was measured by the cutting cw x-ray beam method with amvhich indicates a two-wave structure. Calculations show that

accuracy of 0.3%. the first wave is an elastic wave and the second wave corre-
Shock pressure and sample density were calculated fromponds to a mixed phase wave. A slight curvature is seen on

the Rankine-Hugoniot equatiofisbased on the measured the trace of the mixed phase wave, which may be caused by

shock velocity and particle velocityapproximated as the the sluggishness of the phase transformation.

half of the free-surface velocityln the case of a multi-wave

shock, the final shock compression state has been checke

with the impedance-match solutidf. m

to 5]

Ill. EXPERIMENTAL RESULTS

Impact velocity was varied between 3.0 and 5.5 km/s,
corresponding to the shock pressures 28—150 GPa in th :|M1
sample. Results of the experimental measurements are sun

M
marized in Table Il. Multishock structures were observed on 2
the streak camera records. A two-wave structure was see

below ~36 GPa. Beyond this pressure, however, a three-

wave structure was observed to a shock pressure of abot Ms
110 GPa. Figure 1 is a typical streak camera photograph fol

SN-B sample(shot T-148 at a final shock pressure 89.8 :|M3

GPa. Three waves are clearly indicated, and they represer
an elastic wave, a plastic wave and a mixed phase wave. Th :l sample
transition points of elastic-plastic and plastic-mixed phase | |M4
waves are determined by the intersections of the straigh
lines drawn along the trace of each wave, respectively, from | |« driver plate
an amplified photograptsee the diagram at the right side in
Fig. 1). The determined results from different shots are con-
sistent as indicated in Fig. 3 and Table II. The elastic wave

velocity is calculated from the time difference betwelgn o.orq for shot T-148, indicating a three-wave structure. M1 to M4
andt, with the known sample thickness. At tintg, a clear e flat mirrors and M5 is an inclined mirror with an angle of about
kink is caused by the elastic-plastic wave transition, and durze, The diagram at the right side is a schematic drawing from the
ing the time interval {3—t,) a plastic wave is visible. The enlarged photograph of streak record. The first, second, and third
kink at timet; indicates a phase transiti¢ffom 3-SisN,t0  waves are seen during time intervals-t,, t,—ts, andt;—t,,
c-SisN,, as shown latgr and a mixed phase state maintainsrespectively.

FIG. 1. Sample assembly and the corresponding streak camera
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FIG. 4. A comparison of pressure versus density between the
FIG. 2. Sample assembly and the corresponding streak camefdock compression and static measurements under pressures up to
record for shot T-149, indicating a two-wave structure. The first and0 GPa. The isentrope ¢-Si;N,4 is computed with Eq(3).
second waves are seen during time interiglst,, andt,—ts,
respectively. The trace of mirror M1 is off at a bit early time than (the dashed lineof the shock velocity in the plastic regime
M4, which might be due to the shield of the high speed gases leakeg Up=0 km/s shows a result close to the bulk sound wave
from the gun muzzle. velocity at ambient state. In the mixed phase regiiia ),
shock velocity increases with increasing particle velocity,
The relation of shock velocityl{s) versus particle veloc- and a best fit givesUs=4.585+1.48aJ, for U,
ity (Up) is shown in Fig. 3, together with those by Ya- >2.5 km/s. In regime IlIA, 2.5U,>1.1 km/s, the shock
makawaet al® For the elastic wave, bott andU,, exhibit velocity is relatively high(shot T-137, which might be as-
a good consistence and do not change significantly with thgociated with a nonequilibrium phase transition behavior in
shock pressure. The average elastic wave velocity is 11.3this pressure range. A similar phenomenon was reported for
km/s, which is slightly higher than the longitudinal sound some ceramic’*®When the shock pressure is high enough,
velocity of 11.17 km/s at ambient pressure. Extrapolatiorthis effect becomes negligible.
Figures 4 and 5 illustrate the pressure and density rela-
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FIG. 3. Shock velocity ) versus particle velocity ).

Three regimes are as follows: |, elastic; Il, plastic(AJB), mixed FIG. 5. Pressure-density relation for the shock compression of
phase. A best fit to the I11B regime givék=4.585+ 1.489J , with B-SisN, up to 150 GPa. The dashed line at pressures above PT is a
U,>2.5km/s. The dashed dot line is an extrapolation of the lineacomputed Hugoniot curve which gives the best fit to the experimen-
fit. HEL: Hugoniot-elastic limit; PT: phase transition poi@; and  tal Hugoniot data. The indicated isentrope ®fSi;N, is deduced

C, are the longitudinal and bulk sound velociti@&ble ), respec-  from this computed curve. The solid Hugoniot curve is calculated
tively. with the linearUs~ U, relation given in Fig. 3.
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tions of shock compresse@-Si;N,. The average Hugoniot and by ignoring the interaction effects between the two
elastic limit (HEL) and phase transitiotPT) pressure are Pphases the specific internal enefigy for the mixed phase is
determined to be about 16 and 36 GPa, respectively. expressed by

Up to ~150 GPa, the observed free-surface trajectories
did not show any unstable or double inclined-mirror images, Em=(1-MEi+AE;, 2

and not dissociatetf.'® The calculated sample densities of each phase, subscriptaiso in the following equationsl
from the free-surface velocity measurements also confirmng 2 denotes- SisN, andc-SisN,, respectively.

that no low density substancésg., nitrogei are generated The third-order Birch-Murnaghan equation of Stéf©S

under the current shock conditions. is used to compute the isentropic pressBV) for each
phase,

Ps(V)

IV. DISCUSSION 3K0[
A. Phase transition T2

VO 713 VO 5/3
o 5]
The phase transition detected by the Hugoniot measure- Vo| 23
ments in the present experiments corresponds to a transfor- X (V) —1H, (©)
mation frompB-SisN, to c-SigN,. We have carried out shock
recovery experiments to determine what phase is shockwhereK, andK are the zero-pressure bulk modulus and its
induced above the transition pressure of 36 &Racovered first pressure derivative, and, andV are the zero-pressure
samples fronB-SizN4 has been converted to a cubic, spinel-and high-pressure specific volumes, respectively.
type phasé. In those experiments, a powder mixture of Integration of Eq(3) gives the isentropic enerdy,(V) as
B-SiN, and copper was used as the samples with a bulk
porosity of 30—-40%. At 21 GPdtemperature 1300 K
B-SisN, was stable, while at 33 GPA800 K), about 30
wt.% of c-SikN, was recovered from the post-shock
samples. Slightly higher transition pressure is observed in With the assumption that the Hugoniot pressure and shock
this study, which may be attributed to the lower shock temtemperature are common to both phases, a theoretical Hugo-
perature generated in the sintered block samples. The calcuiot curve for the mixed phase is constructed on the basis of
lated shock temperature for the sintered block sample i€qgs.(1)—(4). Grineisen EOS is applied to relate the isentro-
about 460 K at 36 GPa, which are much lower than that irpic pressure to the Hugoniot pressure for each phase, and

3 ’
1+ (Kg=4)

\
Es(V)=— fv Py(V)dV, 4
0

the recovery experiment. givesE; (or E,) being an implicit function oV, (or V5),
Up to ~150 GPa, a mixed phase regime was observed

continuously. This fact indicates that the phase transforma- E1=Eg(V) +[Pr—=Ps(V1)IVi/ 74, )

tion from - to c-SisN, is very sluggish. To complete this

transformation, higher shock pressures are required. Refer- Eo=Egs(Va) +[Ph—=Ps(V2)]Va/y2+Ey, (6)

ring to Fig. 3, one may expect that the end of mixed phase . . . .
regime will appear if the shock velocity in the mixed phaseWhereph is the Hugoniot pressur&, is the transformation

regime is equal to the elastic wave velocity at HEL. Above €Y of § phase to cubic phase at ambient pressure and

that, a single wave structure will appear and it would Corre_temperature, ang is the Grineisen parameter which is cal-

spond to one phase regime ©fSi;N,. By extrapolating the culated according to the following equation:
current measurements to higher pressses the dashed dot Y v
line in Fig. 3, and assuming 11.8 km/s to be the shock =
velocity at the end of the mixed phase regime, it is expected V. Vo
that a preSSUI’e Of about 180 GPa iS required to fInISh thiﬁ,here,yo is the Va'ue at the Standard Condition_
phase transformation in a time interval of 200 to 300 ns, as gypstituting Eqs(5) and (6) into Eq. (2) results in an

shown in Figs. 1 and 2. energy balance condition for the solution\f andV,. With
a given Hugoniot data point from the experiméne., Py,
andV,, are known, the left-hand side of Eq2) is deter-
mined by

Given that the shock states between 36 and 180 GPa are
attributed to a mixed phase @-Si;N, and c-SigN,, isen- Em=3 Pr(Vo1— Vi), (8)
trope of c-SisN, is reduced from the experimentally deter-
mined Hugoniot curvepressure vs densityin terms of a
mixed phase model calculatigh-?2

Defining A as the mass fraction af-SisN, in the mixed
phase, the specific volumé,, (inverse of densityfor the
mixed phase is written as

)

B. Isentrope of c-Si;N,

whereV, is the specific volume gB-Si;N, at zero pressure.
The right-hand side, therefore, is a constraint on the ratio of
Vi andV,.

We have calculated the shock temperatlipg (or Tj,)
for each phase through

Thi=Ts(V1) +[E1—Es(V1)1/Cyq, 9
Vi=(1—=N)V;+AV,, (1) or
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TABLE lll. Physical parameters g8-Si;N, andc-SisN, used and determined in this study, together with

a comparison to the reports in literature.

Specific Bulk
Density Gruneisen heat modulus Pressure
po(=1Ny) ratio C, Ko derivative
Phase (g/cn?) Yo gk (GPa K¢
B-SisN, 3.236 1.1 0.7 232.7 4.0
3.197 270x5f 4.0x1.¢
3.200 259
c-SigN, 4,012 1.2 0.7 300+ 10 3.0+0.1
3.930 300
3.87%! 280 3.4¢

@Averaged from SN-A samples.
Pyo=a,KoVo/C,, with a,=1.08< 10" °K* Ref. 2.
‘Reference 2.

dUltrasonic data, see Table I.

€Assumed value, see the text and Fig. 4.
Reference 7.

Trh2a=Ts(Vo) +[Ex—Es(V2) —E¢]/Cy2, (10

whereC, is the specific heat at constant volume, an@V)
is the isentropic temperature determined by

T(V)=T, exr{ - JV<
Vo

with To=293 K being the initial temperature.

The parameter¥,, vy, andC, for both 8- andc-Si;N,4
phases are listed in Table Ill. F@-SizN,, there are com-
pression reports from both staftfc and shock wavestudies.

Y
v) dv (11

9Reference 22.

"Reference 9.

iDetermined in this study, see the text.
IReference 3.

KReference 4.

'Reference 5.

balance condition. Adjustment of the shock temperature is
repeated until the energy balance condition is satisfied within
less than 1%. In Fig. 5, the dashed line is a computed Hugo-
niot curve which gives the best fit to the experimental Hugo-
niot data. The isentrope afSizN, deduced from this curve

is shown in the same figure, for which a best fit with the
Birch-Murnaghan EOS results in a bulk modulus and the first
pressure derivative being 300 GPa and 3.0, respectively, at
zero-pressure and room temperature. The calculated mass
fraction of c-SigN, in the mixed phases is depicted in Fig. 6.

It increases monotonously with increasing shock pressure
and shock temperature, and equals zero at the beginning of

In Fig. 4, these data are compared with the present measurgse mixed phase regime and one at the end.

ment at pressures below the phase transition point. A reaso

N The uncertainties of phase transition energy and specific

able consistency between them is evident, but above HEh st may bring about possible errors in the above determina-
the static data indicate more stiffness than the shock comyjo, These effects have been checked and they do not affect

pression data. A bulk modulus of 22® GPa, with the first
pressure derivative of 4:01.8, was reported by Let al.
This value seems to be slightly high. A recent study by
means of Brillouin scattering measurement has shown a bul
modulus of 259 GPa for a single cryst@!Si;N,.2* In this
study we used the bulk modulus of 232.7 GPa determined b
the ultrasonic measureme(table I). With an assumed pres-
sure derivative of 4.0, the isentrope BfSisN, exhibits a

good agreement with the shock compression data below the

phase transition pointFig. 4). Since there is no data avail-
able yet for the phase transition energy fr@to ¢ phase, the
value of 821 J/g for the phase transition frawquartz to
stishovité® was adopted in the calculation. A similar struc-

ture transformation takes place but with all silicon atoms into

octahedral coordinations linked with oxygen in theuartz
to stishovite transition.

Calculation is performed with the set of equations from
Egs. (1)-(11), coupled with appropriate isentrope of
c-SisN,, to construct a theoretical Hugoniot curve for the

mixed phase. Taking a reference Hugoniot data point from

the experimenty,; andV, are first resolved from Eq$9)
and (10) with a presumed shock temperatur&,{=T>).
These results\(; andV,) are subsequently substituted into
Eqg. (1) to calculaten, and into Eq.(2) to check the energy

the calculated bulk modulus and the pressure derivative sig-
nificantly. WhenE,, is doubled from 821 to 1642 Jf§,and

, from 0.7 to 1.3 J/g K/ the variations oK, andK}, are

ss than 3%. Therefore, we conclude that a bulk modulus of

3004: 10 GPa with the first pressure derivative of 3.0.1

200 10000
= (— Shock pressure \ 8000 &
& 150 ---- Shock temperatureJ ! ®
~ =
2 6000
s / 4000 @
g X
S =S
= —12000 =
73 7
0
100

Mass fraction of c-SigNy (%)

FIG. 6. Variation of mass fraction @f Si;N, in the mixed phase
regime between 36.4 and 180 GPa, calculated Kik- 300 GPa
andK{=3.0 for c-SizN,.
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can be inferred foc-SisN, from the present measurements. = 0.1, respectively, at zero-pressure and room temperature.
This result is in good agreement with the first-principlesThese values strongly support thatSi;N, is a low com-
calculationd™ (see Table II), which strongly indicates that pressibility phase. Given the fact that the hardness of cova-

c-SisN, is a low compressibility phase. lent materials increases with the bulk moduius,SisN, is
expected to be a superhard material, comparable to stisho-
V. CONCLUSION vite.

Hugoniot(pressure vs. densitglata of 3-Si;N, has been
determined up to the pressure 150 GPa. The phase transition
from B- to c-SizN, has been observed at pressures above 36
GPa. This transition is very sluggish and appears to complete The authors gratefully acknowledge H. Otsuka for experi-
at about 180 GPa. Isentrope ofSi;sN, has been deduced mental assistance, and P. McMillan for discussion on the
from the measurements, which gives the bulk modulus antulk modulus data ow-Si;N,. They thank Y. Horie for re-
its first pressure derivative to be 3800 GPa and 3.0 viewing the draft.
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