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After polycrystalline silicon nitride samples with various «/8 phase ratios were fabricated
by uniaxial hot-pressing under vacuum, their microstructures, «-to-g transformations, and
grain-growth mechanisms were then characterized by electron microscopy.
Room-temperature fracture toughness (Kic) increased with increasing g-phase content, and
a value of 7.0 + 0.5 MPa - m"/? was obtained for a sample that contained 60 vol % 8 phase.
The increase in K¢ is the result of an increase in elongated-grain fractions with increasing 8
content, which promotes energy absorption by crack deflection, as well as by grain
debonding, pullout, and bridging mechanisms. © 7998 Kluwer Academic Publishers

1. Introduction In the present study, effects of differing processing
Silicon nitride (SiN,) is a ceramic with high poten- variables ornx-to-8-phase transformation and the re-
tial for structural applications. From the early studiessultant microstructure were evaluated. Subsequently,
of Lange [1], it was clear that its promising mechani- the microstructure angl/ 8 phase ratio were correlated
cal properties were the consequence of a specific miwith measured mechanical properties.
crostructure [2].

Silicon nitride has two polymorphic crystal struc-
tures designated as andB-SisN4. While the relation- 2. Experimental techniques
ship between these two structures has been the subjddense specimens of silicon nitride with differing
of much controversy, there is general agreement tha-phase contents were fabricated from commercial-
thea phase is trigonal while thg phase is hexagonal gradea-SisN, powder (UBE SN-E108/(a + 8) >
and that thex phase transforms irreversibly into the 95%). Thex-SisN4 powder, with 5 wt % MgO (in the
B phase at elevated temperatured400°C) through  form of Mg(NQgs) - 6H,0) as a sintering aid, was ini-
liquid-phase formation. It is well known that the pres- tially mixed in an ethanol suspension. Subsequently, the
ence of liquids can be controlled by modifying the type slurry was ball-milled for 16 h with high-density, high-
and content of additives (e.g., MgO 283, Y203, etc.).  purity alumina media. The resulting slurry was dried

The dynamics ofr-to-8-phase transformation have over low heat. The average particle size of this mixture
been analyzed in several studies [3-5]. The mostimporwas estimated by scanning electron microscopy (SEM)
tant consequence of theto-g transformationin SN4  to be 0.6.um.
is the morphological changes observed in the grains Another batch of powder was prepared with 5 wt %
[6]. The o grains are equiaxed, whereas therains S-SisNs whiskers (UBE SN-WB) added to the
are elongated. The presence of elongated (acicglar) a-SisNs—MgO powder mixture. The whiskers, in which
grains or whiskers has shown great potential for im-theg/(« + 8) ratiowas> 99%, were added to the slurry
proving fracture properties through several reportedafter the initial ball-milling, which was then continued
mechanisms, such as crack deflection, crack bridgingpr an additional 3 h.
grain pullout, etc. [7]. Nevertheless, the increaseinfrac- Discs of monolithic powder mixturesa{SizNs—
ture toughness with increasing) phase is accompa- MgO), ~#40 mm in diameter, were hot-pressed in
nied by a reduction in hardness and elastic modulusacuum in a boron-nitride—coated graphite die. The
[4]. Therefore, improved understanding and control ofthickness of the as-fabricated discs wast mm.
B-phase formation [8, 9] is critical to the tailoring of Hot-pressing temperatures ranged between 1450 and
the microstructure for improved mechanical properties1700°C. The holding time wa3 h at1450°C and 1 h
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at higher temperatures. The composite powder mixtur@ABLE | Microstructure and mechanical properties off&i speci-
(a-Si3N4—MgO with ,3-8i3N4 whiskers) was hot- mens hot-pressed under various processing conditions
pressed in vacuum fd h at1450°C and at 1600C.  p,oc cond. and

All hot-pressing runs were performed under 80 MPapropertied SN24  SN30  SN54  SN60  SN99
pressure on the discs.
Phase contents of the hot-pressed specimens weféd ©) é45° 11550 11600 11630 11700
identified by X-ray diffraction (XRD) analysis with "/
. : 0 (% pt) 98 99 99 98 99
CuKo rgdlatlon at ascannlng.speed 0f0.028/s. The g (9 voi) 24 30 54 60 99
a/p ratios were then determined from the 210 reflec£QG d wm) 0.85 0.60 0.65 0.81 —
tion intensities of both phases by following the methodELG 1 (xm) — — 1.19 1.18 2.86
developed by Gazzara and Messier [10]. The margin og(/*m) - - 0-53 2-27 0-254
error in this method is considered to be less th&%6. o N > N >
. . v 0250 0256 0279 0276  0.269
Density was measured by the Archimedes .method@ (GPa) 141 138 132 131 128
whereas microstructure was revealed by chemical etcte (Gpa) 353 347 338 335 324
ing (molten NaOH, for 4 min). Grain size was evaluatedHv perp 25070 24424 24742 25081 19755
by SEM with the linear-intercept method [11] under the = (MPa) +£3977  £4347  £4574  £3543  +2098

Kic perp 3.8 4.5 5.5 7.0 6.6

assumption of quasi-spherical grains. Additional mi- MPa.m?) 106 407 413 405 405

crostructural features were analyzed both by SEM and

by transmission electron microscopy (TEM). ad, diameter; 1, lengthR, aspect ratio; perp, perpendicular to the hot-
Elastic moduli of the specimens (Poisson’s ratjo  Pressing direction;d % pt), percentage of the theoretical density;

Young’s modulusE, and shear modulu3) were deter- ~ Poisson’s ratio.

mined by measuring ultrasonic velocities with a pulse-

echo technique [12]. Hardness and fracture toughnes 100 . LA R A
were evaluated by Vickers indentation [13, 14] with a I 1223 Zg ]
load of 10 kg for a duration of 10 s. - .
- W1630 °C E
W1600 °C
3. Results and discussion :,\? 1600 oC
Because largg grains play a crucial role in the tough- ‘d'; T
ening of S§Ny, a better understanding efto-g-phase @
transformation and grain growth kinetics will lead to & 1950 ©¢ l
the development of N, ceramics with improved mi- G- 1450 °clll
crostructure and enhanced toughness. In the followin¢> _
sections, results of studies of microstructural devel-
opment and mechanical properties are presented ar
discussed.
10 L l L I 1 [ i l L
3.1. Microstructure 0 40 _80 120 160 200
3.1.1. Content of « and B phases Time (min)

Powder preparation and hot-pressing conditions were
optimized to fabricate dense poycrystalinel®i ce-  FS ) P en o Bu S e ps
ramics ¢ 98% of theoretical density). Speumens with gf Bowenetal.[3] (hot—pr‘;ssing stress 30 MPa), a?ld squares represent
controlled microstructure and/g-phase ratio Were gata from present work (hot-pressing stres80 MPa).
hot-pressed by appropriately selecting hot-pressing
temperature and time. Th&-phase content of these
specimens ranged from 24 to 99%. Throughout thigpressing. In the present study, the hot-pressing load cor-
paper, the samples are designated by the initials SKesponds to a stress of 80 MPa, whereas Bogteal.
(representing $N4), followed by a number that repre- [3] used a load corresponding to a stress of 20 MPa.
sents the percentage pfphase (e.g., SN24 represents Bowenet al. showed that the;/8 ratio was indepen-
SizsN4 with 24% g phase). Table | lists, among other dent of the applied stress up to 30 MPa. For these tests,
features, hot-pressing time, temperatures,@8kN,  they started with &-Si3N4 powder with 5 wt % MgO,
content of each specimen. The data in the table shownd samples were hot pressed fch at1600°C. In a
that the amount o phase increases with increasing related study, Greskovich and Gazza [15] hot- pressed
hot-pressing temperature. Similar results have been reSizsN4 (5 wt % MgO) at 1600C under a load of 70 MPa
ported by several investigators. [3-5, 8] for differing periods of time. Specimens hot-pressed at
Fig. 1 shows the variation ¢f-phase content in the 10and 180 min contained 15 and 108%hase, respec-
hot-pressed gN,4 with hot-pressing time and temper- tively. Thus, their results are in good agreement with
ature. For comparison, the data from a study by Bowertthe results of the present study and those of Boeten
et al. [3] for the B8-phase content of @\, have also al. [3]. Despite differences in experimental conditions
been included. The correlation between the results ond starting materials, it appears that the sensitivity of
the present study and that of Bowetral. [3] is remark-  the final 8-phase content to hot-pressing load is not
able, despite the difference in applied load during hosignificant.
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By analyzing the diffusion kinetics of densification and 1600C was 28 and 61%, respectively (Fig. 2). For
anda-to-8-phase transformation, Bowenal.[3] con-  the same whisker content (5 wtB6Si3N,4), Chuet al.
cluded that a linear dependence of both processes df7] obtained a 7498-SisN4 phase content in the com-
the applied pressure is expected during the early staggmsite hot-pressed at 1650 for 2 h. It is to be noted
of densification (prior to full density). However, ex- that if the startingd-whisker content (5 wt %) is sub-
perimental results indicate that full density is rapidly tracted from the finaB-phase content in the compos-
achieved (3 min atc 20 MPa when 5 wt% MgO has ite, the nejs phase formed during hot-pressing at 1450,
been added to the samples), after which a pressurd600, and 1650C can be estimated at 23, 56, and 68%,
independent transformation rate should occur. Thigespectively. These phase contents are similar to those
finding is consistent with experimental observations,obtained for the hot-pressed: i, specimens without
as discussed in the previous paragraph. whisker additions.

The addition of whiskers to monolithic materials The insensitivity of 3-phase content t@-whisker
is a well-documented method of improving mechan-addition discussed above may be related to the larger
ical properties [7, 16, 17]. It has been observed thatspect ratio of thes-SisNg whiskers (10-15) when
the addition of large8-SizN4 particles to the starting compared with the smaller aspect ratie §) of aci-
SisN4 powder influences the grain morphology of hot- cular 8-SisN4 grains (Table |) produced by-to-g8
pressed $N4. Hirosaki et al. [18] reported that the transformation, which is discussed later. Commercial
addition of larges-SisN,4 particles tos-SisN4 pow- 8 whiskers are typically obtained from vapor phase,
ders before sintering resulted in elongated beta grain@hereas the growth of elongatgdyrains is controlled
with larger diameters and smaller aspect ratios in thdy liquid phase diffusion through grain boundaries
sintered material. Thus, for $hl; composites with [3]. According to the model of Bowert al. [3] the
B-SisNs—whisker reinforcements [17], there exists adriving force of diffusionis inversely proportional to the
distinct possibility of enhanced-to-g-phase trans- length of the diffusion path, which suggests that smaller
formation of the matrix phase and the consequentiaB-SisN4 grains are more likely to grow than larger
change in grain morphology. Therefore, we conducte@-SisN4 whiskers. Therefore, largg-SisN4 whiskers
a study to evaluate the effects gfwhisker addition do not grow further and do not contribute to additional
on the conversion af powder and the resulting grain phase conversion.
morphology during hot-pressing.

Fig.2 shows the effect of whisker addition on
B-phase content in @\, specimens that were hot- .
pressed at various temperatures. The data indicatd -2- Grain morphology _
that B-phase content increases with whisker additionComposites polished (perpendicular to the hot-pressing
and hot-pressing temperature. Similar dependence d#rection) to a surface finish of 0.26m were etched to
whisker addition was also observed by Chtial. reveal the microstructure of the composite. Figs 3and 4
[17] for B-SisN4-whisker—reinforced matrix compos- show the grain microstructure of Samples SN30, SNGO,
ites that were hot-pressed at 1650 for 2 h. In the and SN99 and illustrate the microstructural evolution
present study, thg-phase content of the $i,—5 wt % of SizNy. It can be noted that Samples SN30 (v_vith 30%
B-SisN4 whisker composites hot-pressed for 1 h at 14508 Phase, Fig. 3a) and SN99 (with 993fphase, Fig. 3b)

show primarily small equiaxed grains (EQGs) and large
elongated grains (ELGSs), respectively, while Sample
SN60 (with 60%8 phase, Fig. 4) shows bimodal grain
100 T ; distribution. This observation suggests that the ELG
fraction increases with increasifgphase content.

The average grain size of the equiaxed grains was es-
80 |- 1650°C - timated by the linear intercept method. The length and
width of the ELGs were measured directly on the SEM
- 1 micrographs, and the aspect ratio was subsequently cal-
culated. The average values of these parameters are
included in Table I. Only a few EQGs are detectable
in Sample SN99, which was hot-pressed at 1700
for 1 h; therefore, the statistics were not significant. A
40— - similar result was observed for the ELGs in Samples
SN24 and SN30. In general, higher temperatures, and
A ’ especially longer hot-pressing times, produced larger
20} 14s0°C _ EQGs.

Fig. 5, the microstructure of an etched SN60 sample,
' L1 | L L | ' ' reveals the transformation of anto a 8 grain. The
0 5 _10 15 20 25 30 35 40 formation of an elongated structure from an equiaxed
Whisker Content (wt.%) one is clearly illustrated. The micrograph shows that
Figure 2 Effect of whisker addition om-phase content of N4 com- the length O-f the E-LG I$2 1.5 um Qnd Its width is
posites hot-pressed at various temperatures and for various lengths 8.25,u,m, Wh"e the size of the EQ_G Is 0.76m. These
time. W = data from [17] (hot-pressedf@ h at 30 MPa) an® = data  V@lUes are in good agreement with the ones in Table I.
from the present work. Furthermore, the wavy shape of this element suggests

B Phase (%)
)
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Figure 5 SEM micrograph of etched SN60 sample, showing transfor-
mation ofe grain intos grain.

to produces grains with larger aspect ratios. Lange [2]
suggested that grains grow only from the ones present
in the initial powder and that the final aspect ratio was
independent of the processing conditions. He proposed
that the aspect rati® of the 8 grains can be given by
the equation

R=1+a/B. 1)

; wherea and g represent volume contents. The results
30kl X20,000 lrm 00000 of a previous study by Sarin [6] and our present work
®) do not seem to agree with this statement, at least for
powders with low and higlg-phase content. Sarin [6]
Figure 3 SEM micrograph showing evolution of grain morphology with used starting silicon nitride powders with 10 and 100%
B-phase content in Samples () SN30 and (b) SN99. B phase and obtained grain microstructures with aspect
ratios of 6.3+ 0.9 and 3.8+ 0.7, respectively. The
corresponding values of the aspect ratios predicted by
Equation 1 is 10 and 1, respectively. In our study, with
a starting powder mixture af-SisNs—5 wt% SgN4
whisker @/ = 19), the average length and width of the
ELGs were both observed to increase with hot-pressing
temperature in aproximately the same proportion (Ta-
ble ). As shown in the table, the aspect ratio of the
ELGs varies from 4.5 to 5.2, which is not in agreement
with the prediction of Equation 1. In a study by Hirao
et al.[19], who used the same startingSisN4 powder
as in this study, similar values of tifegrain diameter
and aspect ratio were found. Based on Lange’s expres-
sion, for our study and the study by Hirabal. (where
AR the starting SiN4 powder mixture had aa/8 ~ 19),
30kVU X10,000 ihm 000001 the ELG aspect ratio should have been larger than 19.
We believe that this difference may be related to the
variable that controls the formation and growth of
phases, as well as to the phase purity of the starting
powder.

Fig. 6 is a scanning electron micrograph of an etched
SN54 specimen, and the “stairlike” pattern of growth
the development oB-SisN4 from the liquid phase, a of the ELGs is clearly evident. This observation is con-
finding that agrees well with the morphological devel- sistent with Sarin’s [6] suggestion that the growth ki-
opment model proposed by Sarin [6]. netics of the aciculapg-SisN4 grains are planar and

As proposed by Himsoét al.[4] and Sarin [6], start-  controlled by the deposition rate on both the basal and
ing powders with highett-phase content are expected prismatic faces. Such diffusion processes are possible

Figure 4 SEM micrograph of etched Sample SN60, showing bimodal
grain distribution.
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Figure 6 SEM micrograph showing “stairlike” pattern of growth ofa 0 20 40 60 80 100
grain in etched SN54 sample. B Phase (%)

Figure 7 Experimental values of Young’s modul&sand shear modulus
if the acicular grains are surrounded by a liquid flux G and values of these moduli predicted by the rule of mixtures (dashed
throughout their growth cycle, as concluded in a prevj-2nd solid lines).
ous work [17]. Thus, the presence of liquid will control
not only thex-to-g transformation but also the growth

of the transformed grains. Both shear G) and Young’s E) moduli decreased

with increasing 8-phase content. The values &
ranged between 141 and 128 GPa, and thos& of

) ) ranged between 353 to 324 GPa. These values are in
3.2. Mechanical properties agreement with those in the literature for both com-
3.2.1. Elastic moduli o . pletely dense fully- and fully 8-SisN4 [8, 16, 17, 20].
The values of the elastic moduli (Poisson’s ratip Fig. 7 shows the variation oE and G with -phase
shear modulus, and Young's modulu€) measured  qntent for hot-pressed $i, specimens. Also shown

at room temperature are listed in Table 1. The values, the figure are analytically predicted straight-line vari-
of Poisson’s ratio obtained in our study are in generabyions obtained by using the rule of mixtures. For the

agreement with literature values, as shown in Table ”analytical prediction, the elastic moduli for theandg
The Poisson’s ratio of the hot-presseghgi specimens phases were taken to g = 362 GPaE; = 312 GPa
increased from 0.250 to 0.279 whgrphase increased g _ 144 GPaGy =122 GPa[15]. In general, the ox-

from 24 to 54%. A further increase firphase content  arimental values are in good agreement with the pre-
resulted in a slight decrease in the value of Poisson'§jicied variation.

ratio. Similar observations were obtained by Himsolt ¢ agreement between the results of this study and

etal.[4]. the analytical prediction confirms the high density of
our ceramic. It suggests a strong bonding between the
grains [16] and is related to the clean grain boundaries

TABLE Il Literature values of elastic moduli forghi4 with varying that have been observed [21]

B-phase content

Young's Shear
B phase modulug modulusG Poi;son’s 3.2.2. Fracture prope,-ﬁes
(vol%) — (GPa) (GPa) ratio Reference  Taple | shows the values of Vickers hardness)(&hd
100 307 _ [1] fracture toughnessK(c) that were measured on sur-
15 318 — 0.258 [5] faces perpendicular to the hot-pressing direction. As
34 311 — 0.256 shown in Table I, the measured hardness values in this
64 302 - 0.271 study ranged from 19 755 to 25081 MPa. These val-
300 3323 144 g'ggg [20] ues were slightly higher than the ones reported in the
100 312 122 0.280 literature [1, 4, 5, 8, 15, 17, 22—-24] (Table III).
100 316 — 0.255 [16] Hardness is a measure of plastic deformation, so for
100 314 — — [17] high-temperature creep, both grain size and the bonding
70 339 - - (8] between the grains can play an important role. It is pro-
gi gig _ _ posed that hardness is expected to increase with grain
88 303 _ _ size and decrease wiirphase content. In the present
90 320 — — study, a combined effect of both grain size ghghase
92 304 — — content leads to a non-linear dependence of hardness
92 318 - - on g-phase content. Greskovich and Yeh [22] showed
igo gg : : that a fully 8-SisN4 was harder when its grain size was

larger and it contained less glassy phase. In this study,
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TABLE 11l Literature values of Vickers hardness ldnd fracture 30

T T 1 L 10
i i [
toughnes«c for SizN4 with varying 8-phase content I -
J
Q
Vickers  Fracture = = o
hardness toughness o 8 =
p phase H Kic g ®
(vol %) (MPa) (MPa m'/2) Reference Remarks w 201 | ;’
] /#’ 6 £
100  — 6.5 [ — s | T | =
100 — 6.0 23 — = -
(23] = & n 1, 8
15 — 3.2 [4] — &L 4 o
34 — 5.0 — 2 10+ 1 =
64 — 7.8 — e i =
100 — 6.6 — L , o
—l— Vickers Hard —2 .
100 16500 — [22] 29 glass > eers nardness 3
100 19500 — no additives —@ — Fracture Toughness 3
100 18400 — no additives ol v e
15 20900 4.5 [15] - 0 20 40 60 80 100
80 16400 6.0 — o
100 15850 5.7 — B Phase (%)
100 15000 45 —
100 14670 6.8 [17] — Figure 9 Variation of Vickers hardnessHand fracture toughneds,c
<50 18620 3.0 [5] _ with B-phase content.
100 15190 4.0 —
40 — 45 [24] —
97 — 5.4 dependence oK c on 8-phase content. The value of
70 22300 5.0 (8] additives upto 11wt% K| increases from 3.8 0.6 MPa mY/2 for a 8-phase
81 19300 49 - content of 24% to 7.6 0.5 MPa- m*/2 for a f-phase
o A 52 - f 60%. At higheg-ph he val
88 18300 5.2 _ content o 6. At highep-phase content, the value
90 18600 5.9 _ does not change significantly. The increaseKig is
92 17600 4.7 — related to the increase in the fraction of ELGs with in-
92 17400 4.9 — creasing-phase content. Similar increase in toughness
93 17800 5.5 —

with increasing fraction of ELGs has been observed in
several studies [25-27]. The increase in toughness is
related to the interaction between the crack front and

i ] ] the ELGs/grain boundaries, and the toughening mech-
the Vickers hardnessof f-SisNg samples with clean  gnisms include crack deflection [7] as well as grain
grain boundaries was as high as 19500 MPa. On th@ebonding pullout, and bridging.

other hand, in a study by Greskovich'and Gazza [15], Fig. 10 shows SEM micrographs of a polished and
the hardness of a dense, glass-fe&isN4 that was  jndented surface of Sample SN60 with 6@4phase

fabricated by chemical vapor deposition was reportedsnient. The micrographs show the interaction of the
to be 29 500 MPa. Thus, arelatively high hardness valug,gentation crack with the microstructure. Toughening
(25070 MPa) for Sample SN24 in the present study i§pechanisms, such as crack deflection, grain pullout,

indicative of strong bonds and clean grain boundariegjeponding, and bridging, are clearly visible. The pres-
for Si3N4 grains. The absence of significant amountSgnce of these mechanisms has led to an increase in

of glassy phase at grain boundaries can be Conﬁrm%ughness of SN, specimens from 8+0.6 MPa.

by TEM, as seen in Fig. 8. We believe that higher hot-,1/2 t5r SN24 (with 24%g content, and relatively uni-

pressing Ioad_ (stress) promotes stronger bonding by m microstructure) to 7.8 0.5 MPa mY/2 for SN60

tween the grains. (with 60% B content, and many ELGs embedded into
Table | summarizes the results of fracture toughnesg small-grained uniform matrix). This observation on

(Kic) as a function off-phase content. These results o dependence of toughnesspnontent is in agree-

have been plotted in Fig. 9, which shows a significant,ent with the studies by Greskovich and Gazza [15]
and Himsolet al.[4].

100 15800 4.9

4. Conclusions

Polycrystalline SN, specimens with tailored mi-
crostructure and improved properties have been fabri-
cated by hot-pressing-SizN4 powder at various tem-
peratures with varying amounts @fSizNs—whisker
additions. Thgg-phase content of the hot-pressegh\&i
increased with increasing hot-pressing temperature. On
the other hand, the effect fSisN,—whisker additions

on the 8-phase content of the hot-pressedNgi was
Figure 8 TEM micrograph of SN60 specimen showing clean grain mmlmal' The_ grain morphology _and phase tranSf_orma_
boundaries. Diffraction patterns correspond to selected areas indicatddON Mechanism were characterized by SEM, which in-
by arrowheads. dicated that the ELG fraction increased with increasing

_A50Qm
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Figure 10 SEM micrograph of polished and indented surface of SN60 specimen showing presence of various toughening mechanisms such as crack

deflection, grain pullout, and debonding and bridging.

B-phase content. A stairlike growth pattern of the ELGSReferences

was observed by SEM, suggesting that growth kinetics1.
of the aciculapB-SizN4 grains are planar and controlled

by the deposition rate on both the basal and prismatic,
faces. '

The elastic moduli were observed to decrease withs.
increasingB-phase content, while the dependence of
hardness org-phase content was non-linear because %
of a combined effect of phase content and grain
morphology.

Fracture toughnes¥(c) increased with increasing .
B-phase content. A toughness value of £.0.5 MPa- 7.
mY/2 was obtained at A-phase content of 60% as com- &
pared to a value of .8+ 0.6 MPa- m'/? at a-phase
content of 24%. At higheg-phase contents,c does
not change significantly. The increase K¢ is re-
lated to the increase in ELG fractions with increasing
B-phase content, which promotes energy absorptioAl-

5.

10.

through crack deflection as well as grain debonding;
pullout, and bridging. 13,

14.
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