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Effect of grain growth and measurement on
fracture toughness of silicon nitride ceramics
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Two kinds of «-SizsN, powders with different properties (high purity and low purity) were
pressureless sintered using MgAl,0,4-ZrO, as sintering additives. The grain growth was
controlled by sintering time and temperature. The fracture toughness was determined
using indentation microfracture (IM) and single-edge-precracked-beam (SEPB) methods. A
discrepancy of fracture toughness was found between the values obtained by these two
methods, and the SEPB method provided higher fracture toughness than the IM method.
Materials with more large elongated SizN, grains gave higher fracture toughness, R-curve
behavior and larger discrepancy. This is contributed to the effects of grain bridging, pull-
out and deflection by the large elongated SizN,4 grains. Comparing the specimens from two
kinds of «-SizN4 powders with different purity level, both gave high fracture toughness of
over 9 MPa-m'/2 by the SEPB method, while the E10 samples have a little higher flexural
strength. © 1999 Kluwer Academic Publishers

1. Introduction Because the SEPB and IM methods are often used to
Dense silicon nitride (3N4) ceramics is a promising determine the fracture toughness of ceramics, it should
material in many engineering applications primarily be explicit that which microstructural factors affect this
due to its high strength, especially high toughness, adiscrepancy and how large it is. In the present study,
compared to other structural ceramics [1-3]. The highSizN4 ceramics were fabricated by pressureless sinter-
toughness was caused from the rode-fikgrain mor-  ing, and the grain growth of §\, was controlled by
phology which improve the fracture toughness by crackchanging the sintering temperature and time. The IM
bridging [4] and deflection [5] toughening mechanisms.and SEPB methods were used to determine the frac-
The rode-likes grain is formed by an abnormal grain ture toughness. The effect 8£SizN4 grain growth on
growth of 8-SisN4 grains during sintering [6], and then the fracture toughness and its discrepancy were inves-
the fracture toughness of38l4 ceramics can reach to tigated. The relationship among grain growth, fracture
as high as 8 to 11 MPaY/2. toughness and measurement methods will be discussed.
In the evaluation of the fracture toughness, various
testing methods such as single-edge-precracked-beam
(SEPB), single-edge-notched-beam (SENB), Chevron2. Experimental
notched-beam (CN), indentation microfracture (IM) Two commercially availablex-SisN, powders with
measurement, indentation strength beam (ISB), anthirly different characteristics: high purity $h, from
double torsion (DT) are used for ceramic materials. Thehe imide method (SN-E10, UBE Industries, Tokyo,
most widely and favorably used methods are the SEPBapan) and low purity N4 from the direct nitridation
and the IM methods, because the SEPB method hasa Si (SN-9S, Denka corp., Tokyo, Japan) were used as
sharp crack tip representing the actual stress intensitshe matrix materials in this investigation. Mg&), and
situation, and the IM method is very simple and requiresZrO, (MA-Z) were used as sintering additives. Some
much smaller specimen size than any other tests. Studyroperties of the 3N, powders used and compositions
shows that there is no unique fracture toughness valuef testing materials were shown in Tables | and Il re-
for the SgN,4 with the R-curve behavior [7], suggesting spectively. The mixture was wet milled in ethanol for
that there should be a discrepancy in fracture toughnes®t h, then dry milled for anotlel h and finally passed
values measured by different methods. ThefNgima-  through a 50Qum sieve. The resultant powders were
terials with the rod-like grain structure tend to presentuniaxially pressed at a pressure of 30 MPa before be-
the higher toughness and large discrepancy. ing cold isostatically pressed at 200 MPa. The sintering
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TABLE | Some properties of 8N4 powders used in the present work The specimens for scanning electron microscopy
(SEM) observation were prepared by plasma etching

«-SigNg fromthe  «-SizNg4 from the Si

imide method direct nitridation and chemical etching with NaOH at 350 for 2 min.
Property (SN-E10) (SN-9S) The microstructure of the sintered body was observed
using the SEM (Model S-5000, Hitachi, Japan). The
Z;F;?:SE C?;tne;‘itzg/zn) o gg . ‘ﬁ grains were traced on the transparent paper on the SEM
Specigc gurface area 11 T3 micrographs. More than 500 grains were measured sta-
(m?/g) tistically for each sample by an image analysis software

Impurity: Cl (ppm) <50 (National Institute of Health (NIH) Image 1.57). SEM

Fe (ppm) <50 1200 was also used to investigate fracture surfaces and crack

Al (ppm) <50 1200 propagation paths.

Ca (ppm) <10 1200

3. Results and discussion
TABLE Il Composition of testing materials SEM microstructures are shown in Fig. 1 foglSj ce-
ramics sintered at 190@/8 h with different sintering

Si3N4 MgA|204 ZrOy
Material Sample powder (wt %) (wt %)
9S-MA-Z SSN-1 9S 1.0 1.0
SSN-2 25 25
SSN-3 5.0 5.0
SSN-4 7.5 7.5
SSN-5 10.0 10.0
E10-MA-Z ESN-1 E10 25 25
ESN-2 5.0 5.0
ESN-3 7.5 7.5

was hold at 1850 and 190C with a nitrogen pressure
of 0.6 MPa. The keeping time at 1850 was 4 and
12 h, and that at 190@ was 8 h taobtain the different
grain morphology.

The samples were machined to bending test bars wit
a size 40x 4 x 3 mm (JIS R1601). The tensile surface (b) 8
was ground and polished with m, 2 um diamond '
pastes and finally ultrafine AD3 paste. Densities were
measured by the Archimede’s method. The edges o‘
the tensile surface were beveled to reduce the effec
of edge cracks. Three-point bend testing (span of 3( i
mm) was used to determine the flexural strength using | ] f{;’( Q”
testing machine (Autograph AG-10TC, Shimadzu Co. Py =
Ltd., Kyoto, Japan) under a cross-head dlsplacemer-
speed of 0.5 mm/min. :

Fracture toughness was determined by two meth &
ods: indentation microfracture measurement (IM)|
and single-edge-precracked-beam (SEPB). In the IN
method, indentation were made with a Vickers dia-
mond pyramid on the polished surface of bending bar:
by Vickers hardness tester (AVK-C2, Akashi Co. Ltd.,

5..,,, N

500 N were used. Hardness was calculated from diagc i
nal of the indentation and contact load. Fracture tough S
ness was calculated from measurement of the crac g
profile length (C) using the equation given by Niihara
[8]. Six indents were made at each indentation load g

crack configuration specmed by JIS1607 were used t¢
determine fracture toughness. The precracked spec
mens were tested at a stroke rate of 0.01 mm/min usin
three points bending fixture with a span of 16 mm us-
ing the same testing machine as the bending strengl Fraa!
test. The fracture tothneSS was calculated by the fo'izlgure 1 SEM microstructures of §N4 with different sintering ad-
mula given by JIS1607. Six specimens were used tQitve content: (a) ESN-1, (b) ESN-2, (c) ESN-3. Sintering condition:
determine the average value of the fracture toughnesa9oo°c/s h.
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Figure 3 Grain size distribution of ESN-1 specimen obtained by differ-
ent sintering conditions. (a) grain diameter, (b) grain length.

Figure 2 SEM microstructures the fracture surface of ESN-1 spec-
imen obtained at different sintering conditions. (a) 18604 h, |arge grain were determined and ana|yzed, where the
(b) 1850°C/12 h, (c) 1900C/8 h. large grain defined as$ > 3daye [11]. For these large
grains, average diameter, length and aspect ratio, num-
additive content. Itis clear that the material with a smallPer and area fraction were determined and shown in
content of additives has a bimodal microstructure, i.e. 1aPle Ill. The specimen obtained at 19@8 h showed
coarse elongated grains within a fine grain matrix. Thdhe largest size and highest fraction of large grain in
material with large content of additives is composedUMber and area, and that at 1884 h showed the
of mainly fine grains. The number of coarse elongated®Vest. The results suggest that formation and growth
B-grains apparently decreases with the increase of th@f the large grain was affected by the sintering temper-
content of the sintering additives, indicating that the@ture and time as shown in Fig. 2. _
growth of SgN4 grains is inhibited by the sintering ad- Sftud|es _pomted outthgtsome coarse elor_lgated grains
ditives. Fig. 2 shows SEM micrographs of fracture sur-N@ving a high aspect ratio were developed in the matrix
faces for the ESN-1 samples made with the three sintefVith finer and equiaxed grains when the/®j powders
ing conditions. Itis clear that the large grains are develVere fired at 1800 to 200@ by way of a gas-pressure
oped with increasing sintering time and temperature. Sintéring technique [6, 12]. Mitomo [13] studied the
Image analysis of the grains was carried out to quandrain growth of8-SisN4 and found that the number and
titatively evaluate the microstructure. Fig. 3 shows the
grain diameterd) and grain lengthl() distribution.  TABLE 111 Av erage length, diameter, aspect ratio, number and area
Fromthefigure, itcan be seen thatthe specimen sintergtkction of large grainsd > 3dave) for different sintering conditions
at the condition of 1900C/8 h shows relatively more
large elongated grains. Usually to the two-dimensiong;,cing

Number  Area
Length Diameter Aspect fraction fraction

image of S§Ng4, the coarse grains are small in number, condition @m) () ratio (%) (%)
but represent a significant fraction of the total area mea
sured [10]. Considering that contribution of fine matrix 1850°C/4 h 253 123 205 0.75 13.66

50°C/12 h  3.76 1.81 2.01 1.15 17.01

. . . . 8
grains to the fracture resistance is minor compared t‘if'gooous h 423 193 14 310 14.99

that of the coarse elongated grains, characteristics qQ
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area fraction of large grain had no relationship with sin- & 12 1000

tering temperature, which was determined by the num-g —
ber and size of large grains in starting powders. Foré_is 10¢ < ] 800‘3(?
the sintering otr-SisN4 powder, however, grain nucle- = ST SEPB Method =
ation and growth oB-SizN4 occurred during the sinter- - 8t s "S"~-.{_ £
ing, which were affected by the sintering temperature % <y e, e 'N\ 1600 2
and time. A small additive content was preferable for £ 6 '(-E /OO e
developing the coarse elongated grain [11]. Solution- 2 IM Method g 1400 @
reprecipitation process was the main mechanism for& 4t ) g
grain growth of SiN,4 [14], in which diffusion through @ 9S SisN. powder {200 g
liquid phase occurs at grain boundari@sSisN, grain =~ 2 2| sintering Condition: ™
growth is rate controlled by diffusion through the lig- ® 0 ?900 C_/8h . . g
uid phase and occurs to a significant extent by coales™ 0 2 4 6 8 10
cence [15]. A fast diffusion velocity promotes the grain Amount of MgALO, and ZrO, (wi%)
growth of SgN4 resulting in more large grains in num-
ber and area fraction. Obviously high sintering tem- (a)
perature and long sintering time result in coarse grain
morphology. As shown in Fig. 1, the samples with small @12 1000
additive contenthad arelative coarse grain morphology. £ o ¢ | ® =
This is come from the fact that small additive content 10 - SEPB Method 1809 %
provides a thin liquid phase between$j grain and =3 gl T N-..z =
the diffusion velocity is promoted. ® I R 1600 -,g)
Fig. 4 shows the fracture toughness obtained by the § sl T D-rmememeeee. -E c
IM method for the SiN4 ceramics from different sin- £ IM Method f‘é
tering condition. Loads from 50 to 500 N were used & al 1400 .(_U;
to determine the relationship between fracture tough- £ E10 Si;N, powder 5
ness and indentation Io_ad. From th»_:—z flgyre it can be g 2 | sintering Condition: 1200 £>§
seen that samples obtained at the sintering condition: 5 1900°C/8h [T
of 1900°C/8 h and 1850C/12 h present relatively & g . . . . N 0
higher toughness than that at 18834 h. An increase -T2 3 4 5 6 7 8
of fracture toughness with indentation load was ob- Amount of MgAl,O, and ZrO, (wt%)
served for the samples obtained at former two sintering
conditions, while the samples at 1880¥4 h did not (b)

show such increase. The increase of fracture toughness . .
ith the indentation load indicates a fracture resistanc igure §‘Fracture toughness and corresponding strength versus sinter-

wi - ] %g additive content for (a) 9S-MA-Z, (b) E10-MA-Z.

(R-curve) behavior that the fracture toughness in-

creases with increasing crack length. TReurve be- )

havior is often happened for the materials with large Fig. 5 shows the fracture toughness and correspond-

elongated SN, grain morphology [16] due to its ef- IND flexural strength as a function of the sintering addi-

fect on the grain bridging, pull-out and deflection. As tive content for the specimens sintered at 190 h.

indentation load is generally observed because of thBY the IM method was used to compare with that by the
fracture resistance. SEPB method. The toughness and strength are shown

for material made by two kinds of starting powder and
different amount of sintering additives. The E10 sam-
ples show the strength 6900 MPa, while the 9S
samples show a little lower strength of 800-850 MPa.
From these figures it can be seen that the materials with
a small amount of sintering additives showed the rel-
atively higher toughness and larger discrepancy than
those with a large one. The SSN-1 is an exception be-
o L g "o cause of the low densification caused by the lower ad-
o=""" ditive content. Fig. 6 shows the comparison of fracture
4 - toughness by the IM and SEPB methods for three dif-
—e— 1900°C/8h . . " . . .
— O~ - 1850°C/12h ferent sintering conditions. The material with low sin-
==& =-=-1850°C/4h tering additive content (total 5 wt %) within each kind
o were tested as the low sintering additive content pro-
400 500 mote the grain growth and fracture toughness. From the
figure itis clear that the discrepancy is smallest for the
material sintered at 185/4 h, while at 1900C/8 h
Figure 4 Fracture toughness of the materials fabricated by different sin-that is largest. The samples from t\_NO kinds of TOW pow-
tering condition as a function of the indentation loads. The material withd€l @lso show almost the same discrepancy in fracture
large grain matrix shows increased toughness with the IBaclfve). toughness.

N
(&

N
o

o
=)

Fracture toughness (MPam?)
D
(&)}

(%]
(9,

-0 100 200 300
Indentation Load (N)

5546



10

&

€

o]

a

2

2 6}

(0]

c

S

g 4 L

(o]

'—

o 2t

2

&

T O

ESN-1
Composition
O 1800°C/4h, IM @ 1850°C/2h, IM W 1900°C/gh, IM

1800°C/4h, SEPB 1850°C/12h, SEPB 1900°C/8h, SEPB

Figure 6 Fracture toughness and corresponding strength versus sinter-
ing condition for three different ceramics containing small amount of
sintering additives.

The large discrepancy in fracture toughness obtained
by the different testing methods was also reported in
other papers. Choi [7] measured the fracture toughness
of one S§N4 material with four kinds of test methods.
He obtained the fracture toughness 5.76 M#& by
IM and 10.16 MPan'/? by SEPB and explained this
discrepancy from the effect of risirl8-curve behavior Figure 7 Scanning electron micrographs of crack propagation g¥ i
of materials. Because thle-curve is obtained with only  (EsN-1) sintered at (a) 185@/4 h, (b) 1900C/8 h.
indentation strength test, it can not represent the actual
situation of SEPB or CN methods. The elongated grains
in silicon nitride have been well documented to result insulted in the increase in fracture toughness, it was also
the improved long-crack toughness [17, 18]. The largeconsidered as a main reason to induce the large discrep-
and elongated grains enhance the crack bridging, pull@ncy of fracture toughness. This can be explained by
outand deflection that give arisifRjcurve. Thusalong  the fact that the grain bridging or deflection and pull-
crack toughness may induce the discrepancy betweeduit absorb the fracture energy. Comparing with the IM
fracture toughness values by different measurementgnethod, the SEPB method provides a long propagating
The rising R-curve behavior and discrepancy are ba-crack front where the high possibility of grain bridg-
sically caused by the existence of the large elongatethg and pull-out exists. Thus corresponding with the
grains. enhancement of the fracture toughness, a discrepancy

The crack behavior confirmed the mechanism of in-between the different measurements was also happened
creasing fracture toughness and discrepancy of tougtsimultaneously.
ness value in sintered specimens. Polished surface wereln the present work two raw @i, powders were
indented using a pyramid Vickers indenter, followed byused to compare their effect on the microstructure and
the chemical etching. The propagating crack paths wergechanical properties. Although the low purityISi
investigated to analyze the toughening mechanisms. Rowder (9S) is much cheaper than high-purityNgi
is reported that the toughening mechanism is changegowder (E10), the fracture toughness levels and the dis-
concerning to the diameter of elongated grains [19]crepancy of 9S ceramics reached to almost same as E10
For thin needle grains with diametersf um, elastic ~ ceramics, while the strength of the 9S ceramics (800—
bridging and pull-out were observed, whereas for thick850 MPa) is a little lower than that of E10 ceramics
needle grains of 1 um frictional bridging and deflec- (~900 MPa). Measured by the IM method, the fracture
tion were shown. Fig. 7 shows typical crack paths oftoughness of E10 samples was a little higher, but by the
specimens with different grain morphology which was SEPB method that of the 9S samples was a little higher
obtained at two sintering conditions as 18834 hand  (Fig. 6). Under the sintering condition of 1900/8 h,
1900°C/8 h. The crack trajectory shows that the crack inESN-1 and SSN-2 obtained a high fracture toughness
the specimen made at 1850/4 h propagates through of ~7 MPam¥/2 by IM and~9.5 MPa m*/2 by SEPB.
the equiaxed microstructure having little bridging andThe lead to conclude that the impurity o8 powder
deflection and along a relatively straight line. For thehas no influence on the fracture toughness and its dis-
specimens fabricated at 1900/8 h, the crack passes crepancy between the values obtained by different test
through the boundaries of fine grains as well as thenethods.
coarse grains oriented at low angles, resulting in the
crack bridging and deflection by the coarse elongated
SisN4 grains resulted a tortuous crack path. The dif-4. Conclusion
ference of crack morphology between these two specthe influence of grain growth of @4 on the fracture
imens is caused by the difference in large elongatedoughness and its discrepancy caused by different test
SizsN4 grain. As obviously the large elongated grain re-methods was studied using two kinds of raw powders.
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High value and large discrepancy of fracture toughnesss. k. T. FABERandA. G. EVANS, Acta Metall 31 (1983) 565.
between IM and SEPB methods were found to occur6. M. MITOMO andk. MIZUNO, Yogyo-Kyokaisi®4(1986) 106.

in the SgN4 materials with large elongated grain mor-
phology. This is due to the effect of grain bridging, g
deflection and pull-out of the elongated grains. Thus,

7.S. R. CHOlandJ. A. SALEM,J. Amer. Ceram. So@7(1994)

1042.

. K. NIIHARA,R. MORENA andD. P. H. HASSELMAN,

ibid. 65 (1982) C-116.

the high fracture toughness is always accompanied bys. 7. NosEandT. FuJIl, ibid. 71(1988) 328.

the large discrepancy for the materials with the largel0
elongated grains. The impurity of 884 has no influ-
ence on the fracture toughness and discrepancy. Spemall
care should be paid when the fracture toughness wil,
be measured for the $h, with the large elongated

grain. On addition, the following observation should 13-

be noted: The samples with low amount of sintering14
additives showed the high fracture toughness and lowy
purity SN4 powder (9S) is competitive with the high

purity SkN44 powder (E10) in some application fields. 16

17
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