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Contact Fracture behavior of Silicon Nitride Bilayer
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The fracture behavior of Si:N. coated SisN.~ BN composite was studied by the Hertzian indentation tech-

nique. New types of contact-induced cracks were found, and it was confirmed that these cracks have cone crack ge-

ometry. Contact damage was distributed in the substrate layer, which can absorb energy, as well as in the coating

layer, so the propagation of initiated cracks in the coating layer were suppressed.
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1. Introduction

SisN,~BN composite is increasingly being used for
thermal barrier and thermal shock resistant material
because of its excellent thermal resistance.” In addition,
the weak interface provides crack deflection and bridg -
ing, so leads to improvement in fracture toughness and
damage tolerance.” However, the strength and hard-
ness of SisN,~BN composite are lower than those of
monolithic Si;N, material. Weak interface in SisN,~BN
composite may enhance the material removal on a
micro-scale, reduce the strength, and deteriorate the
wear resistance. Therefore this material requires a hard
coating.”

When the hard layer is coated on the soft layer, con-
tact~induced fracture becomes important. Recently, ex-
tensive researches have focused on hard ceramic layer
coating on a soft metal layer. However, most of the
research has concentrated mostly on fracture during
fabrication or fracture directly after fabrication. For
example, failure behaviors by residual stress in a
system with weak interface are of interest in practical
coating systems.*”® QOur interest in the bilayer, hard
coating on soft substrate layer, is to demonstrate the
fracture driven by contact when the bilayer is situated
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under the compressive stress. Such concentrated stress-
es are especially pertinent to ceramic engine com-
ponents, cutting tools, and bearing applications.

There has been no systematic study of contact-in-
duced fracture on a hard coating/soft substrate layer
system.

Consequently, in this research, SisN,/Si:N«~20wt%
BN bilayer with strong interface was fabricated by hot
pressing to exclude the effect of delamination of the in-
terface. We specially used the Hertzian indentation
technique to induce the contact fracture in the coating
layer.® The behavior of the contact fracture was eval-
uated by increasing the applied load using spherical in-
denter. Although brittle ceramic produces only cone

"% three contact-induced

crack from the surface,
cracks were identified in this study ; the transverse
crack from the interface between the coating and the
substrate layer, the crack with an S shape from the
middle of the coating layer, and finally the classical
cone crack from the surface. Attention focused on
crack propagation rather than crack initiation. We will
propose that all contact-induced cracks can be consid-
ered as a cone-geormetry.

The effect of a damage-absorbent substrate layer on
fracture behavior and damage distribution was also
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studied. The coating thickness was varied 250 and 400
(m to study the effect of the substrate layer.

2. Experimental Procedure

2.1. Sample preparation and characterization

Si:N, coated SisN«~20wt%BN bilayer was fabricated

by powder preparation, stacking and hot pressing. In
order to prepare the powder for the substrate layer, BN
powder (Aldrich Chemical, Milwaukee, WI, U.S.A.) was
rmixed with a SisN, powder mixture during powder prep-
aration. The Si:N. starting powder mixture was Si:N,
(UBE-SN-E10, Ube Industries, Japan) with sintering
additives of 2wt% ALO;(AKP50, Sumitomo Chemical
Co. Ltd.,, Tokyo, Japan), bwt% Y.0,;(H.C.Starck
GmbH, Goslar, Germany) and 1wt% MgO (High Puri-
ty, Baikowski Co., NC, U.S.A.). For the coating layer, a
SisN, powder mixture including the same type and
amount of sintering additives was used. Each powder
batch was ball milled using alumina balls in isopropanol
for 24 hr and then dried in the oven and sieved.
Each powder mixture was stacked in the graphite mold
and hot pressed to fabricate the bilayer of coating thick-
ness of 1~2mm and substrate thickness of 3mm with a
strongly bonded interface at 1730°C under 30MPa for 1
hr. Each specimen was ground and the surface was pol-
ished to 1um to control the coating thickness. Coating
thickness was controlled up to 250 and 400um,
respectively.

Plasma etching was performed to reveal the micro-
structure, and microstructural examination was carried
out by scanning electron microscopy (SEM). Archeme-
des principle confirmed the sintered density. Basic ma-
terial characterization was performed by Vickers inden-
tation. Hardness and toughness were measured for indi-
vidual layer materials.

2.2. Hertzian indentation

A simple Hertzian indentation was made on polished
surfaces to evaluate properties and induce the cone
crack from the surface. Elastic modulus and yield stress
of individual layer materials were measured from in-
dentation stress-strain curves.” Test surfaces were
gold coated before indentation to facilitate measure-
ment of contact radius a at the given load P using an in-
denter with a radius of indenter, 7. Indentation stress (p
.= P/ma*) and indentation strain(a/r) were calculated
after measuring contact radius a, at the given load P,
and then the indentation stress-strain curve was plot-
ted. The elastic modulus could be determined from the
initial slope in the elastic region of indentation stress-
strain curves. Indentations were also made on each

by first
residual impressions, and then yield stress Y, from py=
P,/rnat=1.1Y

The side surface was polished to 1gm diamond paste

composite to determine critical loads &

finish, to confirm the strong interface. WC ball with ra-
dius of 1.98mm was indented across the interface at P
= 1000N and 1500N.

Each specimen was cut in 3mm X 4mm X 25mm, pol-
ished and bonded together to make the bonded-speci-
men for characterizing of contact damage beneath the
surface. Hertzian indentations were made on the center
of the interface in the bonded-specimen using a WC
ball with a radius of 1.98mm at an increasing load from
P=1500~4000N. After that, the bond was dissolved in
acetone and the subsurface was examined by Nomarski
illumination using an optical microscope. The cone
crack length and depth at each load condition were
measured with an optical microscope. Continuous pol-
ishing was conducted from the top surface to determine
the crack geometry.

3. Resuits and Discussion

3.1. Material characterization

Figure 1 shows the microstructure of a Si;N, coated
SisN~ 20wt BN bilayer. The top layer corresponds to
the coating layer, and the bottom layer, including the
plate~-like voids, is the substrate layer. The voids corre-
spond to BN sites because BN evaporates during plas-
ma etching process. Throughout the specimen, BN
platelets with 1.5~ 10/m diameter and 0.2~0.6¢m thick-
ness are well distributed and aligned in a parallel direc-
tion to the interface. The alignment of the platelets is

Fig. 1. SEM micrograph of SiuN, coated Si;N.-20wt%BN bilayer
composite : top layer is coating layer, and bottom layer includ-
ing BN phase(dark phase) is substrate layer.
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Table 1. Characteristics of Si:Ns and SIN-20wt%BN composites.

Material SisN, Si:N:- 20wt%BN
Relative density >99% >99%
Hardness, H{GPa) 14605 7.4£04
Toughness* T,(MPam'’%) 53+06 7.6+0.6
Elastic modulus, A(GPa) 320+ 64 16032
Yield stress, Y(GPa) 8.4%0.15 2.8+0.35

*for parallel radial crack to hot press direction

Fig. 2. Hertzian indentations on side surface of bilayer, made symmetrically across the interface, with WC sphere r=1.98mm at (a)

P=1000N, and (b) P=1500N.

believed to be due to the movement of the platelets dur-
ing hot pressing.

The characteristics of individual layer material are
shown in Table 1. Hardness of substrate material (SisN,
-20wt%BN composite) is lower but toughness for a di-
rection paralle]l to hot press is higher than coating mate-
rial (SisN,). This indicates SisN. is a good material for
hard coating, and SiiN.~BN is an appropriate substrate
material due to its relatively high toughness. Note that
the elastic modulus and yield stress of Si:N,~BN materi-
al are lower than those of SisN, coating material.

Optical micrographs after P=1000N and P=1500N
indentations are shown in Fig. 2. The fact that the inter-
face delamination was not examined at the given loads,
indicates that this bilayer has strong interface. Note the
surface impression on the substrate side without ring
cracking. Although the ring crack is produced in the
hard but brittle layer, the crack is suppressed in soft

and tough layer. This fact foreshadows the possibility
of crack suppression by energy absorption in the sub-
strate.

3.2. Fracture pattern analysis

Figure 3 shows side views of contact damage for SizN
coated SisN,~20wt% BN bilayer. The variable is an in-
dentation load, P= 1500, 2000, 3000 and 4000N at con-
stant coating thickness of 400m. Completely different
types of cracks compared to classical cone cracks were
observed in the coating layer. First, a transverse crack
(v) is examined from the interface between coating/
substrate layer (P=1500N). The propagation direction
is upward after the crack initiates from the interface. A
second new type is an S-shaped crack (s} in the middle
of the coating layer (P=2000N). As the region beneath
the surface is compressed, the S-shape crack is initiat-
ed in the middle, and extends downward and upward at
the same time. Finally, at higher load (P= 3000N), a
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Fig. 3. Contact fracture of 400mm Si,N. coated SisNy-20wt%BN bilayer composites, using WC sphere == 1 98mm, showing effect of in-
dentation applied load : {(a) P=1500N, (b) P=2000N, (c) P=3000N, (d) P=4000N.
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Fig. 4. Plot of cone crack length and depth as a function of in-

dentation load for 400m Si:N. coated SisN,-20wt%BN bhilayer,
using WC sphere with 7= 1.98mm.

classical cone crack({c) is observed from the surflace.
However, most of cracks are stable, so the cracks do
not easily penetrate the interface. Other cracks from
the interface into the substrate are found at higher
loads instead of crack penetration. Even at the highest

load ( P=4000N), the bilayer does not fracture cata-
strophically. The cracks in the coating layer propagate
along the direction parallel to interface. This result is
quantified in Fig. 4. The longest crack length and the
deepest crack depth in the coating layer were plotted as
a function of indentation load. Whereas the crack
length increases as increasing the applied load, the
crack depth i1s almost constant with the increasing in-
dentation load. This indicates that cracks do not propa-
gate into the substrate and are arrested in the coating
layer.

Figure 5 shows the cone crack geometry for these
cracks. Top and side views after (a) 200um grinding,
and (b} 300mm grinding are shown in figure. These
results confirm that all new crack types are cone crack
geometry.

Figure 6 shows an enlarged micrograph of the dam-
age zone in the coating layer. The damage zone in the
coating layer 1s mostly formed at the central region of
the S-shape crack. [t is well known that the damage
zone is driven by shear stress.'” The S-shape crack is
initiated in the middle of the coating layer, where the
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Fig. 5. Micrographs showing cone crack geometry after thickness grinding : (a) top and side view(bottom) after 200m grinding, (b)
top and side view(bottom) after 300um grinding in 400m Si.N, coated Si:N,~20wt%BN composites.

Fig. 6. Distributed damage zone in coating layer of 250m Si;N.
coated Si;N-20wt%BN composites.

shear stress is maximum. And then the cracks extend
upward and downward at the same time. Substantial
damage also occurs in the subsurface of the bilayer.
Note that the damage zone is extended as the indenta-
tion load increases (Fig. 3). Prior research showed that
the extensive damage zone can be formed in the materi-
al showing “quasi-plasticity”."” This damage
absorption contributes to cone crack suppression and/
or arrest.

In a thinner coated bilayer with coating thickness o
= 250um, the flexural bending phenomena was observed
in Fig. 7. Figure 7(a) shows the subsurface damage
view after indentation was applied at P=2000N. As
the indentation load increases up to 3000N, the coating

layer begins to bend over (Fig. 7(b)), and this flexural

phenomena is more severe when the load is higher, P=
4000N (Fig. 7(c)). Arrows indicate the flexural bend-
ing of coating layer due to the relative softness of sub-
strate layer. In comparison with Fig. 3, the transverse
crack densities increased in the coating layer because
flexural bending brings larger tensile stress in the re-
gion of interface, that is, bottom region of coating mate-
rial. However, the cracks are still arrested by compres-
sive stresses and extensive damage absorptions in the
substrate layer. Consequently, the transverse cracks
are produced by this flexural bending but all cracks in
the coating layer are suppressed by the substrate layer.
The flexural bending is a major cause of crack initia-
tion in the coating layer and extensive damage zone of
the substrate layer contributes to the suppression of
crack propagation.

4. Condlusion

The Hertzian contact damage in SiN./SisN.~BN
bilayer was investigated by spherical indenter. No inter-
face delamination under contact pressure indicates
strong interface between the two layers.

A new crack systems were found ; a transverse
crack from the interface, an S~shaped crack from the
middle of the coating layer, and a classical cone crack
from the surface. The formation of these cracks is at-
tributed to flexural bending stress caused by elastic-
plastic mismatch between the two layers. These new
crack types also have a three-dimensional cone crack
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shape.

Damage was distributed in the subsurface as well as
the coating layer, so cone crack depth was nearly con-
stant as the contact load increased. The stable cracks in
coating and substrates foreshadow contact damage tol-
erance of this bilayer.
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