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Crack Deflection and Propagation in

Layered Silicon Nitride/Boron Nitride Ceramics
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Materials Science and Engineering Department and Mechanical Engineering and Applied Mechanics Department,

Crack deflection and the subsequent growth of delamina-
tion cracks can be a potent source of energy dissipation
during the fracture of layered ceramics. In this study, mul-
tilayered ceramics that consist of silicon nitride (SiN,) lay-
ers separated by boron nitride/silicon nitride (BN/SiN,)
interphases have been manufactured and tested. Flexural
tests reveal that the crack path is dependent on the com-
position of the interphase between the SN, layers. Experi-
mental measurements of interfacial fracture resistance and
frictional sliding resistance show that both quantities in-
crease as the SN, content in the interphase increases.
However, contrary to existing theories, high energy-
absorption capacity has not been realized in materials that
exhibit crack deflection but also have moderately high in-
terfacial fracture resistance. Significant energy absorption
has been measured only in materials with very low inter-
facial fracture resistance values. A method of predicting the
critical value of the interfacial fracture resistance necessary
to ensure a high energy-absorption capacity is presented.

I. Introduction

T HAs previously been shown that it is possible to fabricate
layered ceramics that have high strength in combination with
the ability to absorb large amounts of energy when tested in
flexure~* Because they can be manufactured from commer-
cially available ceramic powders via conventional ceramic- and
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tion that occur at weak interfaces or within weak interphases
between the strong layers. Although several models exist that
predict the conditions under which crack deflection should oc-
cur2-19 there is not much experimental data on all-ceramic
systems to support these models. Even more importantly, it has
been shown that, in some layered materials, delamination
cracks kink out of the interface after propagating on the inter-
face only a short distané@:** The result of such crack kinking

is that not much energy is absorbed during the fracture of these
materials. Thus, an understanding of the factors that control
crack deflection and propagation along interfaces is needed to
maximize the energy dissipation capabilities of layered ceram-
ics.

In this paper, the mechanical properties ofNgIBN muilti-
layered ceramics are investigated. The properties of the inter-
phase are adjusted by varying the composition of the BN in-
terphase between the;Bi, layers. The strength and energy
absorption of multilayered ceramics are measured, and the
crack path is characterized as a function of the composition of
the interphase.

Il. Fabrication of Specimens

Si;N, powder (M-11, H. C. Starck, Newton, MA) was mixed
with 2 wt% alumina (A}O3) (HC-HP DBM, Reynolds Metals
Co., Bauxite, AZ) and 6 wt% yttria (YO3) (99.9%, Johnson
Matthey Electronics, Ward Hill, MA) and ball milled for 24 h

polymer-processing technology, the manufacturing costs for I ethanol. The slurry was dried and then compounded using an
these materiafscan potentially be significantly lower than instrumented high-shear-rate mixer (Model PL-2000, C. W.

those for fiber-reinforced composites. Thus, layered ceramics Brabender, South Hackensack, NJ) with a thermoplastic co-
can provide a low-cost alternative to fiber-reinforced compos- Polymer binder that was composed of equal parts ethylene—

ites when strength and energy absorption capabilities are lim-Vinyl acetate (Elvax 470, E. |. DuPont De Nemours and Co.
iting factors in the component design. Wilmington, DE) and ethylene—ethyl acrylate (DPDA-6182,

Silicon nitride (SiN,) layered ceramics with weak boron Union Carbide Chemicals and Plastics Co., Cleveland, OH).
nitride (BN) interphases have been previously manufactured in The viscosity of the polymer/ceramic blend was controlled
a conventional two-dimensional layered structtiess well as thrqugh the.addltlor) of allubrlpant thqt consisted of. a combi-
in a novel layered structure known as a fibrous monolithic nation of mineral oil (white mineral oil-heavy, Mallinckrodt
ceramic® Impressive properties were achieved for both struc- Chemicals, Paris, KY) and methoxy-polyethylene glycol
tures, with strengths of >600 MPa and work-of-fracture (WOF) (MPEG 550, Union Carbide, Danbury, CT). The total ceramic
values of (8000 J/mi.” These properties, as well as high- solids content in the compounds was varied from 37% to 51%,
temperature strength and oxidation resistance, make this syshich allowed the viscosity of the compounds to be varied by
tem attractive for commercial applications. a factor of 2. o .

Many of the advantages that ceramic laminates have over 10 mold the materials into sheets, the polymer—ceramic

monolithic ceramics result from crack deflection and propaga- compounds were chopped into blocks of matefrfamm long
on each side and pressed between heated metal platens coated

with aluminum foil and a lubricant (Carbowax 400, Union
Carbide) at a temperature of 150°C under a pressure of 2.8
MPa. The resulting sheets could be varied in thickness from
(100 wm to 800wm, depending on the viscosity of the com-
pounds and the pressure at which the sheet was pressed. For the
current study, the thickness of the green sheets was fixed at
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(200 wm. After molding, the sheets were cut into rectangles
that had dimensions of 51 mm x 76 mm.

To introduce weak interfaces between theNgilayers, the
surface of each sheet was coated with a slurry that contained
BN. The composition of the BN layers was varied through the
addition of SN, to the BN slurry. The slurries were made
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Fig. 1. Young's modulusk) of the layered ceramic, measured using  fig. 2. Nominal tensile stresssj, plotted versus crosshead displace-

the impulse-excitation technique, plotted versugNgicontent in the ment, for specimens containing 10, 25, 50, and 80 volgblSin the
interphase; the solid line is the rule-of-mixtures modulus. The value jnterphase tested in four-point bending.

for bulk SN, has been taken from Kovat all*

. tentin the interphase in Fig. 1. The valuetofeems to increase
from hexagonal BN (HCP, Advanced Ceramics Corp., Cleve- jinearly as the SN, content in the interphase increases, &nd
land, OH), SiN,, water, and ethanol. Individual billets were  follows the Voigt rule of mixtured® The E value measured
manufactured using interphases made from 0, 10, 20, 50, andfrom the load—deflection plots followed a similar trend, and
80 vol% SiN, (the remainder was BN). After coating, the  moduli measured using both techniques agreed within 6%.
sheets were dried, stacked, and pressed at a temperature of )
130°C under a pressure of 6.9 kPa to mold them into a solid (2) Strength and Energy Absorption
billet. Four-point flexural tests were performed using a screw-

After forming the billet, the polymer binder was pyrolyzed driven machine operated in displacement control (Model 4483,
by heating it slowly in a flowing nitrogen atmosphere. The Instron, Danvers, MA). All tests were performed using a fully
heating rates were 60°C/h to 150°C, 2°C/h to 250°C, 4°C/h to articulating testing jig with free-rolling pins using an outer span
370°C, and 18°C/h to 700°C. A slow heating rate was neces- of 40 mm and an inner span of 20 mm. Data were collected
sary to minimize bloating and cracking during pyrolysis, which using a computerized data-acquisition system at a rate of 5
can result in distortion of the layers. After pyrolysis, the billets points per second. Strength and WOF were measured on un-
were placed in a BN-coated graphite die and hot pressed atnotched specimens at a crosshead displacement rate of 0.5
1750°C fa 2 h under a pressure of 25 MPa. Specimens for mm/min. Prior to testing, the specimens were polished to a 3
flexural tests were cut and ground from the billets to nominal m finish using resin-bonded diamond wheels (TBW, Furlong,
dimensions of 3 mn x 4 mm x 50 mm. PA) on the tensile surface and on one side surface. The edges
of the specimen on the tensile surface were also chamfered.
Tests were interrupted when the specimen fractured com-
pletely, the retained load dropped below 5 N, or the crosshead

After hot pressing, the thicknesses of the layers were mea-displacement exceeded 1 mm, whichever came first. The
sured on a polished surface of representative specimens usin%’ffength of the specimens was calculated using standard elastic-
optical microscopy. The layer thicknesses were 116 .84 eam equations, whereas the WOF value was calculated by
and 36 + 18um for the SiN, layers and the BN-containing  dividing the total area under the load—deflection curve by twice
interphases, respectively. X-ray diffractometry (XRD) indi- the cross-sectional area of the specimen. For specimens that
cated that all of the §N, transformed to-Si;N,, during hot fractured catastrophically, the WOF value was reported as zero.
pressing. Hexagonal BN and a very small amount of tetragonal ~ The nominal stredd on the tensile surface for representative
zirconia (t-ZrQ) were also detected. The Zs@ontamination specimens is plotted versus crosshead deflection for unnotched
resulted from the media used during the ball milling of the Specimens in Fig. 2. In general, the load remains linear up to

Ill. Results

powders. the peak load for all the materials. After the peak load, some of
, the specimens continue to retain load at specimen deflections
(1) Young's Modulus as large as 1 mm. The greatest degree of load retention is

The Young’s modulus of the specimens was measured usingobserved in the materials with the lowest$)j content in the
an impulse-excitation technique (Grindo-Sonic MK4x, J. W. interphase; no load retention is observed following the peak
Lemmens, St. Louis, MO), according to ASTM Method C load when the SN, content in the interphase exceeds 25%.
1259-94" To verify that these results were valid for layered The nominal strength and WOF are plotted in Fig. 3 as a
ceramics, the stiffness of selected specimens were also meafunction of the SiN, content in the interphase. Although there
sured from the slope of load—deflection curves taken in the is scatter in the nominal strengths, there does not seem to be a
elastic regime in four-point bending. Specimen deflection at systematic change in strength with increasing\Ngicontent in
the center of the span was monitored using a linearly variable the interphase. However, the WOF value decreases precipi-
displacement transducer (LVDT) and corrected for the compli- tously as the SN, content in the interphase increases. The
ance of the machine, which had been determined previdésly. slight decrease in strength and WOF for the specimens that
The Young’s modulus E), determined using the pulsed-
excitation technique, is plotted as a function of thgNgicon-

TThe nominal stress is calculated using standard elastic-beam theory, assuming
elastic isotropy. It is recognized that the true stress is dependent on the local micro-
R structure (i.e., the stiffer N, bears higher stress) and that the stress state is altered
TAmerican Society for Standards and Testing, Philadelphia, PA. when cracking occurs anywhere in the beam.
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Fig. 3. Nominal strengthd) and work-of-fracture (WOF), plotted versus thegl$j content in the interphase.

contain no SiN, in the interphase is probably due to manu- crack deflection is apparent betweenhgj layers, the lengths

facturing defects that were present in this billet. of the delamination cracks are extremely short (<100).
) o ) The lengths of the delamination cracks in the other materials
(3) Crack Deflection and Delamination Cracking also are dependent on the composition of the interphase be-

SEM micrographs of the side surfaces of representative tween the SiN, layers. For example, long delamination cracks
specimens after testing are shown in Figs. 4(a)—(d). Cracks areare observed between almost evenN\gilayer in the materials
deflected between almost every layer until thg\gicontent in that contain 0 vol% and 10 vol% $Bi, in the interphase. How-
the interphase is increased to 80 vol%; no crack deflection is ever, the delamination distances decrease rapidly as thi Si
observed in the specimen that contains 80 volNgin the content in the interphase is increased to 25 and 50 vol4,Si
interphase. In Fig. 5, a higher-magnification micrograph of the in the interphase. The delamination cracks in these materials
side surface is shown for a specimen that contains 50 vol% are observed to kink out of the interphase after propagating
SizN, in the interphase. This micrograph shows that, although only a short distance. Unfortunately, it is difficult to quantify

Fig. 4. SEM micrographs of the side surface of flexural specimens containing (a) 10, (b) 25, (c) 50, and (d) 80))}% 8ie interphase (after
testing). Crack deflection is observed for specimens containing up to 50 val¥g Bi the interphase.
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interphase is shown in Fig. 8(a). It is clear from this micrograph

that crack deflection occumsithin the BN interphaseear the

Fig. 5. Higher-magnification SEM micrograph of the side surface of Si;N,/BN interface, rather than at the interface between the two
one of the specimens containing 50 vol%Nj in the interphase, ~ materials. As shown in Fig. 8(b), subsequent delamination
showing crack deflection at many of the BN-containing interphases; cracking also occurs within the BN interphase. The crack often
however, the length of the delamination cracks are limited by cracking meanders within the BN interphase, and no systematic trend,
kinking. with respect to the crack path, could be discerned. The location
of the crack within the BN-containing interphase did not seem

o o to change as g\, was added to the interphase.
the length of delamination cracks, because it is not easy to 9 M, P

discern the crack tip in the BN interphase. However, a measure(4) Interfacial Fracture Resistance
of the delamination distances can be obtained from the distance |nterfacial fracture resistance was measured using notched

between through-thickness cracks in adjacenNgilayers. flexure tests, following the analysis of Charalambigesl. 4
Schematic illustrations that show how these distances WEerefrom the Steady_state load necessary to propagate a delamina-
measured are shown in Fig. 6. A cumulative distribution plot of tjon crack. One advantage of performing this test on multilayer
delamination crack lengths is shown in Fig. 7 for each of the gpecimens rather than on simple bilayer specimens is that re-
materials. The delamination distances are longest in the mate-gjqyal stresses present due to thermal mismatch between the
rials that contain 0 vol% and 10 vol%8l, in the interphase. ~ BN and SiN, do not influence the measurement of the inter-
Consistent with the micrographs shown in Fig. 4, the delami- tacial fracture resistancé. The applied phase anglel( =
nation distances decrease markedly as th@l,Scontent is a1 [K, /K,]) was calculated assuming that there was a suffi-
increased. o . cient number of layers so that the elastic properties of a single
A higher-magnification SEM micrograph of a through- jinterphase did not influence the overall elastic properties of the
thickness crack in a §V, layer that is impinging on @ BN gpecimen. Thus, the measured Young’s modulEsdf the
composite was used to calcula¥e For the current experi-
ments, the notch was cut to approximately the center of the
specimen, which resulted in\# value of 42°. The interfacial

SizNy fracture resistancd,;, was calculated froft
BN 3P%(S-L)41 - 1 1
Ii= -3 @
Si-N 2ER? H31-v)°* H?
31N4
whereP is the applied load at which the delamination crack
extendsy the Poisson’s ratio of the composite the in-plane
Young’s modulus of the compositb,the width of the speci-
men,H the height of the specimen, amdhe distance from the
tensile surface of the beam to the delamination crack divided
SisNy by the total height of the bear.andL are the outer span and
the inner span in the four-point test fixture, respectively.
BN Representative load—deflectometer-displacement curves are
shown for notched specimens tested in four-point flexure in
. Figs. 9(a)—(d) for materials that contain 10, 25, 50, and 80 vol%
SigNy SisN, in the interphase. For materials with <50 vol%/$j in

the interphase, the crack paths are generally similar. The load
(b) increases linearly until a crack is initiated from the notch and
propagates into the closest BN-containing interphase, where
Fig. 6. Schematic illustration showing how the distance between the crack is deflected and arrests. Subsequent specimen deflec-
through-thickness cracks, was measured in materials that exhibited tion causes the delamination cracks to propagate stably in the
(a) delamination cracking and (b) crack kinking. interphase to either side of the notch at an almost-constant load.
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materials that contained less;Sj, in the interphase, the load—
deflection curve for this material exhibited a peak in load when
the first delamination crack propagated; subsequent crack
growth occurred at lower loads. Specimens that contained 80
vol% SiN, in the interphase failed catastrophically with no
crack deflection.

The interfacial fracture resistandg)is plotted as a function
of SizN, content in the interphase in Fig. 10. The interfacial
fracture resistance increases linearly, fra8® J/n¥ to 90 J/n?,
as the S|N, content in the interphase is increased from 0 vol%
to 50 vol%. Because no crack deflection occurred in the speci-
mens that contained 80 vol%8i, in the interphase, the in-
terfacial fracture resistance could not be determined using the
four-point delamination test. Figures 11(a) and (b) show SEM
micrographs of the interfacial fracture surfaces for specimens
that contain 10 and 50 vol% sH, in the interphase. Because
delamination cracking occurred within the weak interphases,
both BN and SjN, are visible on the fracture surfaces. Quali-
tatively, the ratio of BN to SN, visible on the fracture sur-
faces for all the materials is approximately equal to the ratio of
BN to SiN, in the interphases themselves, which may explain
why the interfacial fracture resistance seems to follow a rule of
mixtures; the energy required to fracture the interphase should
be the sum of the energies required to separate the constituent
phases.

(5) Frictional Sliding Resistance

Because frictional sliding can be a potent source of energy
dissipation in fiber-reinforced composit&sthe frictional slid-
ing resistancer,, was assessed in these layered ceramics as a
function of the composition of the interphase using a technique
developed by Kovar and Thoule¥sThis test was performed
using the same specimen geometry as that in the flexural
strength measurements. The side of the specimen was notched,
which allowed a wedge to be inserted. The wedge was driven
into the notch until the specimen split completely through a
weak interphase. The specimen was then reassembled and
loaded in three-point flexure. When the shear stress along the
cracked interface exceeded the sliding resistancslipping
along the interface occurred. By measuring the specimen de-
flection using an LVDT that was placed in contact with the
specimen, the onset of slipping and, henceyas determined
from the point where a change in compliance is observed dur-
ing loading or unloading. The sliding resistancevas calcu-
lated from the hysteresis area for a series of load—unload cycles
taken over a range of loads. The hysteresis aMéas related
to the normalized sliding resistance(equal totJ/E), by

Fig. 8. Path of (a) a crack impinging on a8l,/BN interface and (b)

a delamination crack after crack deflection has occurred. Note that EbHS®T[T + 3lIn(n - 1)]

crack deflection and crack propagation both occur within the BN in- = > (2)
terphase. The arrow in Fig. 8(a) indicates the direction of crack 12m(m = (1 =3 + 3n7)]

growth.

where 3, is the normalized span between the outer loading
points & = S/H) andlIl is the normalized load rangél(=
(Prmax — Pmin)/(EbH)). Because the solution of Eq. (2) feg
Eventually, the delamination crack arrests when the crack yields two real roots, the physically correct root must be de-
reaches the end of the inner loading span. As specimen deflectermined by examination of the experimental data. The normal
tion is continued, the load again begins to increase linearly pressure applied to the interface during the test has been cal-
until the uncracked portion of the beam cannot support the culated by dividing the mean load during a given load—unload
applied load anymore. A crack then initiates in theNgilayer cycle by the area of the interface that is sliding (the width of the
closest to the delamination crack and propagates until it is specimen multiplied by its length). Because of the high inter-
deflected in the next BN-containing interphase. This process is facial fracture resistance in the material that contained 80 vol%
repeated until the through-thickness cracks propagate com-Si;N, in the interphase, specimens made from this material did
pletely through the specimen. not split cleanly through the interphase during precracking. As
For specimens that contain 50 vol%;[Sj in the interphase,  a result, frictional sliding resistance could not be measured in
when cracks initiated from the notch, they were deflected only this material.
to one side of the notch before being arrested. Subsequent All the materials exhibited some degree of hysteresis energy
specimen deflection caused the delamination crack to grow dissipation during testing. Representative hysteresis loops
stably only a short distance before kinking out of the interphase taken over different load ranges are shown for the material that
and through the neighboring8i, layer. This kinking process  contains 50 vol% SN, in the interphase in Fig. 12. As was
was repeated through successive layers as loading continuedobserved in all the materials, the hysteresis loops have a ten-
which resulted in a zig-zag crack patch similar to that shown in dency to be wider at higher loads, which implies that the slid-
Fig. 5 for an unnotched bar of the same material. Unlike the ing resistance increases as the normal pressure on the interface
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Fig. 9. Load-LVDT-deflectometer-displacement plot for notched specimens containing (a) 10, (b) 25, (c) 50, and (d) 80,)p|% Bie
interphase. Propagation of the initial delamination crack occurs at an almost-constant load in Figs. 9(a)—(c).

increases. This observation indicates that there is some couserved for the material that contained 50 vol%Ngiin the
lombic contribution to the frictional sliding resistance Based
on a simple coulombic model in which the sliding resistance is vol% SiN, in the interphase had narrower loops. Frictional

given by

Ts = To t P

©)

interphase, whereas the materials that contained 0, 10, and 25

sliding resistancer,, is plotted as a function of the normal
applied pressure on the interface for specimens that contained
differing values of SjN, in the interphase in Fig. 13. The solid

wherer, is the intrinsic sliding resistance at zero normal pres- lines represent the best fit, based on a least-squares linear re-
sure,p the normal pressure, anda coulombic coefficient of

friction, it was found that the friction coefficients for the ma-
terials generally increase as thgl$j content in the interphase
increases. Values fqu varied from 0.17 to 0.76 as thegSi,

content in the interphase was increased.

gression. Only the material that contained 50 vol%Ngin the
interphase exhibited significantly higher sliding resistance; the
sliding resistance in this material is 2—3 times that of the other
materials.

The fact that BN, a well-known solid lubricant, is present on

At a given load range, the widest hysteresis loops were ob- the sliding surfaces may explain why the valuergf very low
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Fig. 10.

Interfacial fracture resistancé€|j, plotted versus $N, con-

tent in the interphase; the fracture resistance for bulNSis also

plotted.

in these materials. Because BN platelets are significantly larger
than the SiN, grains, the roughness of the fracture surfaces
decreases as thesHi, content in the interphase increases (see
Figs. 11(a) and (b)). Contrary to previous observations made on
fiber-reinforced composite's;*® however, the sliding resis-
tance decreased as the roughness of the sliding surfaces in-
creased. The presence of lubricious BN on the interface seems
to have a much-larger role than the interfacial roughness in the
determination of the sliding resistance in these materials.

IV. Discussion

Comparison of the delamination cracking morphologies for
the SEN,/BN layered ceramics shown in Figs. 4(a)—(d) with
the interfacial fracture resistance shows that, in materials with
very high interfacial fracture resistance values (>802)/mo
crack deflection is observed and very little energy is absorbed.
Specimens with moderate interfacial fracture resistance values
(50-80 J/m) exhibit crack deflection; however, the delamina-
tion cracks are short because the delamination cracks kink out
of the interphase. These specimens also do not absorb much
energy. Extensive delamination cracking and high energy ab-
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increasing interfacial resistance with delamination crack length
(R-curve behavior), and (ii) the presence of defects along the
interface that draw the delamination crack out of the inter-
phase.

It has been suggested that delamination cracks can kink out
Fig. 11. SEM micrographs, each at the same magnification, of the Of an interface under certain conditions when the interfacial
interfacial fracture surfaces for specimens containing (a) 10 and (b) 50 fracture resistance increases as the crack extension incf8ases.
vol% SiN, in the interphase, taken prior to the sliding experiments SuchR-curve behavior has been observed during the growth of
(the large platelike grains are BN, whereas the finer grains gh¢,5i delamination cracks in polymer/ceramic systétras well as

other all-ceramic layered systerfis?2R-curve behavior in ce-

ramics is usually the result of frictional sliding that occurs in
sorption are observed only in materials that have the lowest the crack wake during extensiéd.In the SgN,/BN system
interfacial fracture resistance (30-50 3Jm examined in this study, however, the measured sliding resis-

These observations suggest that the energy-absorption capatance was extremely low (see Fig. 13) aReturve behavior
bility of a material is not determined merely by whether or not was not observed during the growth of delamination crééks.
crack deflection occurs. Rather, the extent of energy absorptionThus,R-curve behavior does not contribute to crack kinking in
is primarily influenced by the crack pa#fter the initial crack this material system.
deflection occurs. Specifically, the energy-absorption capabil-  Another explanation that has been previously proposed to
ity is greatly reduced when the delamination cracks kink out of explain crack kinking behavior involves flaws in the;lSj
the interphase after traveling only a short distance. Thus, de-
termination of the nature of the transition between delamina-
tion cracking and crack kinking is essential to the development
of layered ceramics that have high energy-absorption capabil- *if the interfacial fracture resistance increases as the crack extension increases, the
ty. There are at least two possible explanations for the crack 92dnecessar (o propagate & delaminaton rack il alse nrease, Tne plateau oad
kinking behavior observed in these layered ceramics: (i) an thatR-curve behavior does not occur.
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layers that are oriented perpendicular or almost perpendicular 200 T
to the interface. If these flaws are sufficiently large, they can
draw the delamination crack out of the interphase and into a
Si;N, layer, which causes the delamination crack to Kitla
theoretical treatment of such a problem has been previously
proposed by Hest al?4 and has been used here to predict the
critical interfacial flaw size necessary to induce crack kinking.
He et al>* suggested that the driving force for crack kinking
is provided by the in-plane stress (T-stress) that acts parallel to
the interface at the delamination crack tip and is influenced by
the size of interfacial flaws. This stress can result from the Delamination
applied loads or from residual stresses that may be present duez 50 L 1
to thermal expansion mismatch between the layers. In the case” X -
of the SEN,/BN system, extensive microcracking has been T
observed in the BN layers prior to testifdf the T-stress
contributes to crack kinking in this material system, it must 0 ' ' ' ' '
result from the applied loads, because microcracking should act 0 0.1 0.2 0.3 0.4 0.5
to relieve most of the residual stress due to thermal mismatch /T
between the §N, and the BN. 177 513N,
An analytical calculation of the T-stress caused by the ap-
p||ed loads is quite Comp|ex for the delamination Specimen Fig_. 14. Ratio of t_he fracture resistance of the interphasg to fracture
used in the current study. However, it is possible to calculate an resistance of the S\, layer Gi/FSi&N)-_p'Otted versus the critical flaw
upper-bound limit to the T-stress using simple beam-bending Size Necessary to induce crack kinkirg).
equations. Because only the uncracked portion of the beam
carries load, the normal stress in this portion of the beam can
be calculated from the moment necessary to propagate the deof the materials exhibited a combination of delamination crack-
lamination crack using Eq. (1). To a first approximation, this ing and crack kinking (see Figs. 7 and 9(b) and (c)). The
in-plane stress is the T-stress that results from the applied mo-probability that crack kinking occurred along a given inter-

150 -

100

ical Flaw Size, a (um)

ment. Therefore, the T-stress,, is given by phase increased as the interfacial fracture resistance increased.
1o The statistical nature of crack kinking is consistent with the
_ 6liE 4 notion that crack kinking is controlled by the probability of
[ Hn(m - DG -2 -3)(1-1D encountering a suitable interfacial defect.

Despite the qualitative agreement between the observed be-

This is an approximation because, in reality, the uncracked havior and the crack kinking model that was presented, there
portion of the beam also carries some load at a distance farare several reasons why caution should be taken in directly
from the delamination crack tip. Thus, this calculation yields an applying this model to the §\,/BN system. For example, the
upper bound to the T-stress. For this specimen geometry, theanalysis of Heet al 24 that was used to calculate the conditions
calculated value of the T-stress varies slightly with the position for crack kinking assumed that crack deflection occairshe
of the delamination crack within the specimen. However, given interfacebetween two layers rather tharithin the interphase
the nature of this calculation, this variation was neglected and as was observed in this system (see Fig. 8(a)); this suggests
the T-stress was calculated assumipg= 0.5. that, in the SiN,/BN system, crack deflection is not controlled

Besides the T-stress, there are several other parameters thdty the fracture resistance of the interface betweeghl Sand
influence the critical flaw size for crack kinking, such as the BN, but rather by the weak BN interphase itself. The appro-
flaw orientation, with respect to the interface, and the elastic priate material properties that control crack deflection in this
mismatch between the materials on either side of the interface.case are the ratio of the fracture resistance in the BN parallel to
To simplify the calculation, it was assumed that all flaws were the interface, compared to the fracture resistance of the BN in
oriented perpendicular to the interface. It was also necessary toa direction perpendicular to the interface, as well as the elastic
compute the Dundurs’ parametessand 3, from the Young'’s anisotropy of BN in these directions. Based on SEM observa-
modulus E) and Poisson’s ratiosv) of the individual layers. tions, the BN consists of well-aligned platelets that have a
Previous measurementsiBfor this composition of SN, gave thickness of D.1-0.5um and a length and width @b—10um.
a value of 320 GP#&! and the value of has been reported as  Texture measurements on similar fibrous monolithic laminates
being 0.27. Literature values & and v for BN have been using XRD confirm that the BN is highly texturédithus, it is
reported as 22 GPa and 0.32, respectively. expected that there should be anisotropy in the fracture resis-

The results of this calculation are plotted in Fig. 14 and show tance as well as in the elastic properties. Unfortunately, it is not
the dependence of the critical flaw size required to cause crackpossible to measure the fracture resistance of BN perpendicular
kinking on the interfacial fracture resistance. Based on the to the interface, because cracks that are driven in this direction
strength (which, from Fig. 2, did not vary substantially as the inevitably deflect and grow parallel to the interface.
composition of the interphase was adjusted) and fracture resis- The fact that crack propagation occurs in the BN interphase
tance of the SN, layers, the maximum flaw size in these rather than at the §\,/BN interface may also influence this
layers is[¥5 um. At this critical flaw size, the transition from  calculation. Although flaws in the $N, layers can act to draw
delamination cracking to crack kinking is predicted from Fig. the crack out of the interphase, it is also possible that local
14 to occur whel'/T'g;, = 0.4 orI'; = 50 J/nt. The ob- regions of high interfacial resistance within the BN interphase
served crack deflection behavior shown in Figs. 4(a)—(d) seems(e.g., a SN, particle or a misaligned BN platelet) may impede
to agree well with this prediction. At very high values of frac- the delamination crack and cause it to kink. Schematic illus-
ture resistancel{ > 80 J/n?), no crack deflection was ob- trations of these two cases are shown in Fig. 15. Additional
served. At moderate values of the interfacial fracture resistancecomplications also result if one considers the pre-existing mi-
(', = 50-80 J/m), crack deflection occurred; however, most crocracks that have been observed in the BN layansl their
of the delamination crack lengths were very short due to crack influence on crack deflection and subsequent delamination.
kinking. Extensive delamination cracking was only observed in These factors emphasize the need for the development of more-
the materials that had very low interfacial fracture resistance realistic models that can account for interfacial defects as well
values [; = 30-50 J/m). It is also important to note that some  as the anisotropy of the interphase.
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fracture resistance causes more energy to be dissipated through
BN the creation of interfacial crack area. However, if the interfacial
fracture resistance is too high, crack kinking will reduce the
delamination crack area. This observation suggests that, for a
. given material system, there is an optimum interfacial fracture
S13Ny resistance that maximizes the energy-absorption capability, and

this optimum value is determined by the transition from de-

(a) lamination cracking to crack kinking.
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