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The Mechanical Properties of Single Crystal
-Si3N4

I. E. Reimanis, H. Suematsu, J. J. Petrovic and T. E. Mitchell
Los Alamos National Laboratory, Los Alamos, NM 87545

ABSTRACT

The ambient and high temperature mechanical properties of single crystal ct-Si3N 4
synthesized by chemical vapor deposition are reported. Crack patterns in the as-grown crystals
and around Vicker's indentations reveal that significant residual stresses develop during

growth. Indentation studies indicate that the cleavage is essentially isotropic in o_-Si3N4 at
25°C as well as at 1400°C. Transnlission electron microscopy on crystals which were
deformed at high temperatures have co_rmed the previous observation that high temperature
slip occurs primarily on the (1011)[1120] system.

INTRODUCTION

Si3N4 is a key component in various existing and future high temperature structural
applications in the automotive and aerospace industry. A fundamental understanding of the
properties of Si3N 4 may be accelerated by the study of single cr),stal Si3N4. There have been

relatively few studies on the properties of single crystal t_-Si3N 4. In 1975 Niihara and Hirai

reported that they obtained a limited amount of CVD c_-Si3N4 single crystals, but were,
however, unable to grow more [1, 2].

Niihara and Hirai studied the hardness anisotropy and applied the analysis by Brookes et al.

which relates the active slip systems of a crystal to hardness measurements for different
crystallographic orientations [3]. Niihara and Hirai's hardness anisotropy measurements were

consistent with primary slip occurring on the (1100)<0001> system and inconsistent with slip
occurring on the (0001)<1120> or the (1010)<1210> systems. Their results are in agreement
with hardness measurements made by Mukerji et al. [4]. These results are also consistent with

observations by Kossowsky that the most common Burgers vector in ct grains from hot pressed
Si3N 4 is [0001] [5]; but it has not been shown that the (1100)<0001> system is primarily

responsible for high temperature deformation of o;-Si3N 4. Suematsu et al. have recently

reported that {1101}<1120> is the most commonly observed slip system in _-Si3N 4 single
crystals deformed in uniaxial compression at 1820°C [6]. In the following, we discuss recent
high temperature fracture and deformation studies.
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EXPERIMENTAL

Single crystals of o_-Si3N4 were obtained by Praxair Coatings Technology, formerly known as
Union Carbide Coatings. They were grown by the chemical vapor deposition of HSiCI 3, NH3
and H2 gases 1500°C at a pressure of 0.5 torr. The crystals were extracted using a diamond bit
tool to cut around the polycrystalline base. Samples were cross sectioned and polished using
diamond media. Laue x-ray diffraction was used to determine the crystallographic orientations
and phases of individual crystals. Optical microscopy using polarized light revealed
information on the crystal growth morphology. The fracture behavior studies and hardness
measurements were carried out on polished specimens using a conventional Vickers hardness
tester and a Nikon QM-2 hot hardness tester. Loads of either 200 or 300 g were used. For the
high temperature indentation experiments, samples with the (1010) or (0001) face polished

were attached to polycrystalline Si3N 4 mounts using a high temperature alumina-based
adhesive.

The high temperature uniaxial compression experiments were performed on an Shimadzu IS-
10T testing machine equipped with a vacuum fi_rnace. Transmission electron microscopy
(TEM) was used to evaluate the dislocation structures in as-grown and deformed crystals. The
specimen preparation for TEM involved curling, grinding and polishing the specimens using
diamond media. Tile specimens were thcn mcchanicaily dimpled and ion miilcd using 5 KeV
energy Ar ions. The TEM was pcrformcd witll a Philips CM30 using an accelerating voltage
of 300 KeV.

RESULTS AND DISCUSSION

Morphological characterization of as-grown crystals

The CVD process described above rcsulted in two gcneral types of ct-Si3N4 crystal. The first
type grows as a prismatic needle parallel to the [00011 direction. Because these nccdles wcre
the largest type of crystal, they were used in the high temperature deformation studies. Thcy
were not used in the indentation fracture studies because they contained surface and sub-
surface mircocracks, and in some cases were polycrystalline in the core. The second type of
crystal grows in the [1010] direction. Macroscopically, these crystals have a hexagonal shape
(figure la); however, four of the sextants of the hexagonal cylinder are polycrystalline, as
shown in figure lb. The (1120) plane faces outward in tile 'hexagon'. These [10101 crystals
typically contain a single radial crack which is aligned parallel to the (0001) plane, as shown
schematically in figure lb. Presumably, the crack is prcsent due to residual tensile stresses
which develop upon cooling. Using a high power optical microscope, the crack opcning was
measured at 20 locations along the crack and a plastic strain was calculated for each location. P

The widest crack openings werc 3.5 I.tm Using a value of 300 GPa for the elastic modulus of

Si3N 4, these naeasurements (approximatcly 0.3% strain) yielded an estimated value of 0.9 GPa
for the residual stress in the crystal. While the presence of tensile strcsscs is not surprizing,
considering that the single crystal regions are constrained at the base and partially surrounded
by polycrystalline Si3N 4 (figure 1), the magnitude is larger than predicted considering the

relatively small thermal expansion mismatch in cz-Si3N4 grains [7].

Indentation Fracture and Deformation

The measured length of cracks produced by Vickers indentations did not change significantly
with temperature, Using the measured crack lengths, the indentation fracture toughness was





' 4

calculated according to tile analysis by Anstis ct al 181,:issuming penny-shaped cracks. Cracks
tend to bc somewhat longer when they are oriented radially with respect to the hexagonal
shape of the crystal. It is clear that the residual stress influences the indentation stress field.

Figure 2 shows that the indentation fracture toughness does not vary significantly with
temperature. At room temperature the penny-shape of the indent cracks was confirmed by
placing an indent several indent diameters from the edge of the crystal and viewing through
the transparent side face of the crystal. Thus, at room temperature the fracture mechanics
analysis of indent cracking according to Anstis et al. is strictly valid. However, at
temperatures above about 800°C the cracking pattern changes, as illustrated in figure 3 for
25°C and 1400°C indents. Lateral cracking is also apparent in figure 3. Strictly, the aberrant
crack patterns invalidate the use of the Anstis analysis in calculating the fracture toughness.
While the cracking pattern remains virtually identical for all temperatures above 800°C for a
particular orientation in a given area of the crystal, it changes when the orientation is changed.
Figure 4 shows two indents at 900°C where one is rotated 35° with respect to the other.
Because the degrce and type of plasticity trader the indent may be anisotropic, the indentation
stress field may be a fimction of the crystal oricntation with respcct to the indent. However,

clearly the cleavage anisotropy in _t-Si3N 4 must be relatively small; otherwise the two cracking
patterns in figure 4 would be similar. To confirm that the clcavage is relatively isotropic, a
more rigorous fracture mechanics approach is ncccssary. Furthermore, while some of the
residual stress in the crystal is relieved through the basal plane cracking, it is expected that the
uncracked portions of crystal contain a significant magnitude of stress, thus influencing the
indentation cracking

The hardness dccrcascd appreciably as a fitnction of temperature, as shown in figure 5.
Crystals which were indented on the (1100) faces cxhibitcd Vickcrs hardness numbers which

were on average 40 - 55% higher than those for tile (00()1) cr).,st:ds. These results (i.e., figure
5) are in agreement with the room temperature Vickcr's hardness measurements by Suematsu
et al [6], considering the standard deviation of both studies. In the present study, the standard
deviation is 2 -3 GPa, except for the room tcmpcmture mcasurcmcnts, whcre it is 5.0 GPa for
both orientations. Figure 5 is also in lhir agreement with earlier work by Niihara who
observed that the (1100) oriented crystals had an average Knoop hardness about 20 - 25%
higher than the (0001) orientation I2 I.

As was shown by Daniels and Dunu [91, arid more complctcly by Brookes ct al. 131, Knoop
indentation measurements may be used to cvaluatc operative slip systems in crystals. In their

analysis, the cffcctive resolved shcar stress underneath a Knoop indent, 're' , is given by [3]

"te' = F/2A cos _ cos _ (cos qJ + sin ",{) (1)

where F is the applied force at the indent facet, A is the cross sectional area, Z is the angle

between the slip direction and tile stress axis, dp is the angle between tile slip plane and the

stress axis, • is the angle bctwcc_ the axis of rotation in the slip plane and thc indenter edge,

and _' is the angle between the slip direction and the indenter cdge. By comparing values of

('re ° A/F) "1 for three different slip systems, Niihara and Hirai found thal their Knoop
measurements were consistent with slip ,_ccurring on {1010 }1001)1]. However, they did not
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Tal)le i Values of (z_,'A/F) -I compared with Niihara aud ilirai's
K,Ioo I) Ilardlless MeaSlll'ellleills 121,

Indenler Plane {()()()11 [ II)l()} [ I 12()]
Indenter Axis <I()I0> ,:I 12()::* <(ffl()l> <:I 12()> <()()()I> <l()l()>

Sli I) System
{ I()I0 }[00() I I 3, I 2.6 46.6 2,6 37,5 2,9

{1011}<1120> 3,2 2,') 2,7 3,2 3.7 4.9
Hardnesss (GPa)

25°C 27,91 26,2 14.86 31.51 34.7(1 32.76
15()0°C 15,22 12.63 19.35 14.76 18.(12 14.32

evaluate vahles of ('1:e' A/F) "1 for Ihe { I()1111112(11syslcnl, which '_vilsobscrvcd by Sucnlatsu cl

al. as the most conullon slip syslcni in _t-SItN,I dcfilrillCd iiiliilXi;lllV ill 1821)°(' Ic,l In Ihc
prcsclH sllld)', cxtc:lsivc transluission elccllOll nlicroscOl))' Oll Sallq)lcs dcfornlcd iiniaxiall)' al

O •182( C collfirlllcd Ihc carlicr obscrvalion by Suclualsu el al, Ihal {I()11 },<112(1> is Ihc tllOSl

prcvalcn! slip system. Table I shows Ihc calcuhllcd values for thc (1011)11!201 and
(101())l()()()ll slip sysicnls, Also shown arc the Knoop ll;irdncss nlcasllrcnlcnls of Niillara and
Hirai 121,!1 is sccn lhal the tllCaSillClllCilts:ire t;OllSislcnl wilh slip occtlrrillg Oll { I()ll)}l()0()l I,
as Niihara and ltirai conchJdcd,

It must be rioted lhat while the resolvcd shcar sircss analysis has bccn succcssful ill dcscribing
dcfornlalion auisolrol)y iu cubic crystals, il has 11olbccn as succcssfill Ibr Iicxagonal s)'slcms
ll0]. Also, ;i true comparison of Niihara's Knooi)-indcnlatioll rcslilts with thc Utliaxial
defornlalion rcsulis rcqtlircs a fidl undcrslanding or lhc slrcss ficld urldcr thc indcnt. Thc only
way to confirm lhal Knoop indentation dcfonnaliOll involves lhc{ l()l()}l()()(ll] s.vslcnl, is to
conduct trauslnission clcctron nlicroscopy in Ihc vicinity or a Knoop indcnl, lndcnlalion
sludics in COlljunclion with TEM arc currcntly in progress in our group.

CONCLUSIONS

From the rcsulls prcscnicd above, and froin carlict work 151,it apl)cars Ihal any clcavagc

anisolropy in (_-Si3N4 is rchllivcly snlilll, bolh _11high Icnlpcraturcs and anlbicnl, it has also
bccn shown thai Niihara and I lirai's hardncss allisolrol'_y iiic_lSlllOll|f2111s;11"¢I|OI consistent with

slip OCClirringon I I 1()1}<112(I,,, thc slip syslcnl which was obscrvcd in _t-Si_N l dclbrlllcd a!
high 101iiperzllilrCS. The lillailibigiiOilS idcnlil'ication of Ihc sill) svsiciils icspollsiblc for
dcrorliialiOll ilntlcrli¢;ilh Ii Kllo() I) iii(l¢iil rt'qiiilcs clct:lloii iliic'rt/st:oi)} ill Ihe viminil) of
illdclllalions al various Icnil)Cralilrcs

A(.'KNOWI,E IiGEM ENTS

I" I IThc aulhors acknowlcdgc lhc l)cl):irlnlclll ()I" '.nciRvs ()i'ficc oI" l];isic l,illCrg_' Sciences.
Division o["Malcrials Scicncc, for Sl11_l)orlill_,ihis work,

RFFEllENCFS
I. K. Niihara. private COIIlllilllliC:ZlliOli

2. K. Niihara lind T. Hirai,,l. Alaler ,_,'<';1,1.I'l 1952, (1')79).



Q

° 8

3. C. A, Brookes, J. B. O'Neill and B, A. W. Redfern, Proc. Roy. Soc. Lond. A, 322, p. 73,
(1971).

4. D. Chakraborty and J. Mukerji, J. Mater. Sci, 15, p. 3051, (1980).
3. R. Kussowsky, J, Mater. Sci, 8, p. 1603, (1973).
6. H. Suematsu, J. J. Petrovic and T. E. Mitchell, Mat. Res. Soc. Syrup. Proc. vol. 287, p.
449, (1993).
7 C.M.B. Henderson and D. Taylor, Trans. J, Br. Ceram. Soc, 74(2), p. 49, (1975).
8. G, R. Anstis, P. Chantikul, B. R. Lawn and D. B, Marshall J. Amer. Ceram.

Soc. Vol. 64, No. 9, p, 533, (1981),
9. F.W. Daniels and C, G. Dunn, Trans. Am. Soc, Metals. 41, p. 4i9 (1949).
10. K. Niihara, J. Less Common Metals, 65, p, 155 (1979).

- I ii III III I IIIIIII IIIIIIlIIIIIIIIII III III





Im


