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Hertzian crack suppression phenomena and relatively high damage tolerance were investigated in hard/soft silicon
nitride (Si;N,) bilayers. Coarse a-Si;N, powder was used for the hard coating layer and fine u-Si;N, powder was
used for the soft substrate layer. The two layers were designed with a strong interface. Hertzian indentation was
used to investigate contact fracture and damage tolerance property. Hertzian crack suppression has occurred with
increasing applied load and decreasing coating thickness. The crack suppression contributed strength improvement,
especially in the bilayers with thinner coatings. Ultimately, the combination of hard coating with soft but tough un-
derlayer improved the damage tolerance of brittle Si;N, ceramics.
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I. Introduction

I n brittle material such as ceramics, an applied stress
is usually concentrated on the tip of flaws in the
material. Material near the crack tip is loaded to higher
stresses than any other surrounding materials. Experi-
mental fracture strengths for brittle materials are much
lower than theoretical cohesive strength, E/10 (E: Young's
modulus). Griffith found that the typical brittle solid
contains a profusion of submicroscopic flaws."” In the
development of high strength and toughened ceramics,
most research can be divided into two approaches. One
is a method which inhibits the crack initiation, and the
other relates to crack suppression (resistance of crack
growth). The first approach deals mainly with the elimina-
tion of flaws.>* However, it is very difficult to eliminate
flaws completely. Even if the material was fabricated
without flaws, it may develop small flaws during the
shaping of brittle material by cutting, grinding, abrasion,
and drilling. Damage and subsequent wear of the ma-
terial occasionally cause production of flaws. Therefore,
the direction of research in this field has moved to the
second approach.*” According to the second approach,
cracks hardly propagate even though flaws exist. Flaw in-
sensitivity is related to the stabilization of crack growth
by microstructure shielding such as large and elongated
grains, high internal stresses, and weak interfaces.®” It
is well recognized that the microstructure is profoundly
controllable by suitable heat treatments or starting
powders.”™ Flaw insensitivity or damage tolerance is a
desirable property in brittle ceramics from the point of
view of material design. It enables the material engineer
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to design protection from brittleness irrespective of exist-
ing critical flaws in the material.

However, in controlling self-microstructure factors, high
toughness can cause deterioration of wear or fatigue
properties.*'” Even if elongated grain structures give rise
to enhanced long-crack toughness, the toughness in the
short-crack domain may be diminished, where important
properties such as strength and wear are determined.
There is a contradiction in the development of ceramics
with both high wear resistance and high toughness. Due
to this fact, ceramic laminates have been recently de-
veloped.”” The ceramic laminate provides new mechanical
properties because it has layers with different microstruc-
tures. The advantage of laminates is that they can be
tailored to specific applications because the properties
can be manipulated for the appropriate layer design.
Another advantage is that they contribute flaw insensi-
tivity by controlling the interfacial strength''® or residual
stress.”™

Our principal aim is to design highly reliable Si,N,
bilayer which suppresses rather than deflects cracks. The
approach is to develop a ceramic layer structure with
superior property combinations through a novel concept
of layered homogeneous/heterogeneous microstructures
with relatively hard surfaces (coatings) on soft underlayers
(substrates). An important concept is the inecorporation of
a small interlayer elastic/plastic mismatch.”” A strong
interface was introduced in order to not only suppress
delamination but also distribute applied energy into the
damage absorbent underlying layer. The two Si;N, layers
are fabricated from different starting powders from
relatively coarse and fine a-Si;N, phase powder. The
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coarse and essentially equiaxed o-SiyN, grains show slow
transformation to B-SigN.. On the other hand, the fine a-
Si;N, grains show more rapid transformation to B-Si;N,
with sttendant grain elongation. The resulting microstruc-
ture thereby provides relative homogeneous/heterogeneous
microstructures.

Hertzian indentation technique with spherical indenters
are used to induce controlled damage patterns.®* Hertz-
ian indentation tests are also used to investigate dam-
age tolerance. Bend tests on damaged bar are carried
out to investigate the damage tolerance.™® Contact-in-
duced fracture, damage, and damage tolerance have
been focused because contact loading is highly relevant
to many structural applications such as bearings, cutting
tools, valves, and engine components.

In this paper, a damage-tolerant Si;N, bilayer that
suppresses cracks will be described. Bilayer systems
with both high hardness and high toughness due to the
damage tolerance will be investigated.

I1. Experimental Procedure

1. Sample preparation and characterization

The starting silicon nitride powders used in this study
were fine a-Si;,N, (UBE-SN-E10, average particle size 0.3
um, Ube Industries, Tokyo, Japan) and coarse a-Si;N,
(UBE-SN-E3, average particle size 1 um, Ube Industries,
Tokyo, Japan). Sintering additives were 5 wt% Y.0,
(Fine Grade, H. C. Starck GmbH, Goslar, Germany), 2
wt% Al;O; (AKP 50, Sumitomo Chemical Co. Ltd., Tokyo,
Japan), and 1 wt% MgO (High Purity, Baikowski Co., N.
C. USA). The powders were mixed as a slurry in isopro-
panol for 24 h in a planetary ball mill, using zirconia
balls in a polypropylene container. After drying, the softly
agglomerated powder was crushed and sieved through a
60 mesh screen. Hot pressing for the material of each
layer was performed in nitrogen gas under uniaxial
stress 30 MPa, at 1700°C for 1 h followed by furnace cool-
ing. The bilayer was fabricated at the same temperature,
1700°C, with coating thickness 1 mm and substrate thick-
ness 3 mm. The coarse a-Si;N, powder was packed for
the top layer, and the fine o-Si;N, for the substrate layer.

Specimen surfaces normal to the hot press direction
were polished to 1 um finish to enable characterization
as well as mechanical testing. These surfaces were plasma
etched to highlight the grain structures. The microstruc-
tures of the sintered specimens were observed by scanning
electron microscopy (SEM).

The elastic modulus of each layer monolith was
measured by using a sonic method. In addition, the yield
stress of each material was determined by the first in-
cidence of yield.” Application of Nomarski illumination
enhanced the detection of surface impressions at each
given load in the optical microscope. The thermal expan-
sion coefficients of layer monoliths were measured by
dilatometer, and o/f phase ratios of the sintered specimen
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were determined by X-ray diffraction (XRD).*

2. Indentation tesis

The fired monoliths and bilayers were cut into 3 mm x
4 mm X 25 mm bars for mechanical testing. The top sur-
faces of the bars were ground to produce a coating thick-
ness of 480, 120, 70, and 40 um, respectively. Then the
specimen surfaces normal to the hot-press direction were
diamond-polished to 1 pm finish to enable characteriza-
tion as well as mechanical testing. Hertzian damage
tests across the interface of the side surface were con-
ducted on the bilayer. Indentations were made on the
diamond-polished surfaces using tungsten carbide (WC)
spheres with a radius of r=1.98 mm, at P=3000 N.

Hertzian indentations were made on each layer as well
as on the bilayers, using bonded-interface specimens.”
The indentations were made symmetrically on the inter-
faces of the top surfaces using WC spheres with a
radius of r=1.98 mm at loads up to P=4000 N. After
indentation, the specimens were soaked in acetone to dis-
solve the adhesive and separate the specimens into two.
After cleaning the surfaces, optical microscopy in Nomar-
ski interference contrast was used to ohserve the sub-
surface deformation and fracture patterns.

Vickers indentation tests were made on the polished
surfaces. A set of Vickers indentation test was made at
load P=100 N on the top side of the bilayer with dif-
ferent coating thickness. Hardness, H and toughness, T,
were measured using following equations.”*”

H =P/2a? (D

where, P is indentation load, and a is average value of
half-diagonal lengths.

Ty =xP/c®? 2

where, ¥=0.016 (E/H)" with E, elastic modulus and c is
indentation crack length.

3. Evaluation of damage tolerance

Some 3 mm X4 mm X 25 mm specimens were used for
strength testing.™® The top surfaces of the bars were
ground to produce a coating thickness of 100, 200, and
400 pm. Four point flexural tests were carried out on the
Si;N, bilayer as well as coating monolith after Hertzian
indentation in universal testing machine. The indenta-
tion sites were centered on the tensile side of the bend
fixture using WC ball sphere with a radius of r=1.98 mm.
The indentation load varied from P=0 to P=4000 N. The
bars were broken in fast fracture (<10 msec) and then
strengths were calculated.

Cyclic indentations were made with a Hertzian in-
dentation fatigue test.™ The Si;N, bilayer with a coating
thickness of 40 pm were prepared for testing. Silicon
nitride (Si;N,) sphere with a radius of 1.98 mm was
indented on the central region of the tensile side in the
bend fixture. Specified maximum load, P=1000 N, was
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Fig. 1. Microstructure of Si;N, bilayer. Symbols indicate in-
terface between coating (top) and substrate (bottom) layer.

cyclically delivered using dynamic Instron machine in
air environment. Sine wave cycling between minimum
(10% of maximum load) and specified maximum loads
was conducted at frequencies 10 Hz with an increasing
number of cycles, n=10°~5x 10*. The bars were also broken
in a four point flexural test and strengths were calculated.

III. Results and Discussion

1. Material characterization

Fig. 1 shows the SEM(scanning electron microscopy)
micrograph of bilayer. Porosity is not evident in the
bilayer and density was confirmed full density (>99%)
using the Archimedes method. The coating layer shows a
relatively equiaxed microstructure, and the substrate layer
contains relatively elongated grains. A discrepancy in the
microstructure between the coating and the substrate
layer appeared clearly. This microstructural difference is
related to the phase transformation rate during sinter-
ing. The driving force of sintering in coarse powder is
much slower so that more alpha phase remains after
sintering. In the coating material, the microstructure con-
sists of mostly o-grains of diameter ~1.2 um. (=77 vol%).
In the substrate material, the microstructure consists of

Fig. 2. Contact damage under P=4000 N of (a) ecoating and
(b) substrate monolithic Si,N, material.
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Fig. 3. Hertzian indentations on side surface of Si;N, bilayer,
made symmetrically across interface at P=3000 N.

Table 1. Characteristics of Coating and Substrate Material

Characteristics Coating Substrate
Elastic modulus, E (GPa) 335 315
Yield stress, Y (GPa) 79 7.1
Thermal expansion coefficient, 4.16 4.62
a (x10%°C)

B-grains (100 vol%). This different phase transformation
rate causes the microstructural difference.

Fig. 2 compares the bonded-interface section views,
including contact damages in monolith silicon nitrides
from indentation using a WC ball with a radius of 1.98
mm at load P=4000 N. The coating material is very brittle,
but the substrate is relatively tough and damage absorbent.
In Fig. 2(a), a developed Hertzian cone crack initiated
and propagated catastrophically, but the crack was sup-
pressed with microstructural coarsening as shown in Fig.
2(b). Therefore, we confirmed that microstructural tailoring
has a strong influence on the contact damage response.

Fig. 3 shows Hertzian indentation across the interface
made on the polished section of the side surface. Interface
delamination was not shown in this bilayer, indicating a
strong interface. Although Hertzian crack appeared in
the coating layer, it was suppressed in the substrate
because of quasi-ductility as shown in Fig. 2(b). This
result provides for the possibility of a damage-tolerant
Si;N; bilayer system.

The elastic modulus, yield stress, and thermal expansion
coefficient of each monolith are summarized in Table 1.
The coating layer material was stiffer than the substrate
material. The elastic modulus and yield stress of the
coating material were higher, and the thermal expansion
coefficient was lower.

2. Indentation results

Contact damage formed in 120 um coated silicon ni-
tride bilayer is shown in Fig. 4. The damage was formed
by Hertzian indentations from a WC ball with a radius
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Fig. 4. Contact damage of Si;N, bilayers, fixed coating thick-
ness =120 pum : at loads (a) P=2000 N, (b) P=3000 N and (¢
P=4000 N.

of 1.98 mm. The experimental variable was indentation
loads from 2000 to 4000 N. At P=2000 N, a Hertzian
crack was initiated in the coating layer from the surface
maintaining cone shape. However, the macro-crack was
not observed in the substrate, but only a small damage
zone was observed. At load P=3000 N, the cone crack pro-
pagated further, but was limited to the coating layer,
and the size of the damage zone increased. At an higher
load, P=4000 N, crack suppression around the interface
were more obvious. The Hertzian crack suppression was
compared to the crack which popped-in catastrophically
as shown in Fig. 2(a). The Hertzian crack did not pene-
trate the interface and stopped around the interface,
extending the damage zone.

The results of Fig. 5 confirm again the fact that the
crack was limited to the coating layer. The Hertzian
crack was even further suppressed as the coating thick-
ness decreases to 70 and 40 um. In addition, the size of
the damage zone increased with decreasing coating thick-
ness.

The crack suppression was also confirmed by Vickers
indentation on the top surface of bilayer. This test was
performed on the coating surface of the bilayer at a con-
stant load, P=100 N. The results are shown in Fig. 6. As
the coating thickness decreased, the Vickers radial crack
length also decreased. This tendency was similar to the
results of the Hertzian crack suppression. The toughness
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Fig. 5. Contact damage of Si;N, bilayers under fixed load P=

3000 N : at coating thicknesses (a) @=480 um, (b) 120 um, (c)
70 um and (d) 40 pm.

of the bilayer increased up to 5.8 MPam™ as the coating
thickness decreased up to 40 pum and this value was
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Fig. 6. Vickers radial crack length as function of coating
thicknesses in Si;N, bilayer. Toughness data corresponds to
that of coating Si;N, material. Boxes indicate radial crack
range of coating and substrate Si,N, materials, respectively.
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(a)
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Fig. 7. Micrographs of Vickers radial cracks in the coating
layer of Si;N, bilayer : indent site is (a) away from interface
and (b) near the interface. Dark symbols indicate interface.
Note remarked shorten crack length (white arrow).

higher than that of the substrate monolith (4.8 MPam').
On the other hand, hardness values (=21 GPa) were not
changed with coating thickness.

The crack suppression around the interface was con-
firmed by Vickers experiment on the side polished sur-
face. The indent positions were varied according to the
distance from the interface as shown in Fig. 7. When the
distance between the interface and the site of the inden-
tation was large (d =500 pm), the radial cracks were sim-
ilar to each other as shown in Fig. 7(a). However, when
the distance was close to the interface, the radial cracks
in a normal direction to the interface were suppressed.
On the other hand, the radial cracks in a parallel direc-
tion to the interface increased (opposite direction). Note
the remarked shorter crack length in Fig. 7(b) as com-
pared to that in Fig. 7(a).

Variable radial crack lengths were plotted as a func-
tion of variable distance in Fig. 8. The dotted line in-
dicates the interface between the coating and substrate
layer. As the distance from the interface decreased in
the coating layer, the crack lengths in a normal direction
to the interface decreased as shown in Fig. 7.

These results suggest that crack suppression was mostly
due to the residual compressive stress in the coating layer.
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Fig. 8. Plot of radial crack length for Vickers indentations
in Si,N, bilayer. Data points are from crack size meas-
urements at distances from interface. Closed symbol denote
size of crack parallel to interface. Open symbol denote size
of crack perpendicilar to interface. Toughness represents
that of coating Si;N,; monolith material.

The residual stress in the coating layer which was due
to the mismatch of thermal expansion coefficients can be
estimated by

E.

(A-v)+(@h/hy) ESE) (1- W) ®

Oy = (- c0) - AT

where the subscripts ¢ and s indicate the coating and
substrate, respectively. o is the thermal expansion coef-
ficient, E is Young's modulus, v is poisson's ratio, and h
is the layer thickness. Assuming v.=v,=0.27, AT=1430°C
(glass crystallization temperature~1450°C) and A,=3000
pum, as E,, E,, «, and o, are known values (Table 1), ¢; can
be calculated as a function of ratio of coating thickness.
Fig. 9 plots the residual compressive stresses oz as a
function of coating thickness ratios, dc/ds, from Eq.(3)
(curved line). The data points are evaluations from radial
crack measurements on the coating sections by Eq.(4),®

XP/ 2ty ope2=T 4)

where P is the peak contact load, ¢ is the characteristic
crack size,  is a dimensionless factor which represents
the intensity of the persistent field, and v is a crack
geometry form. Note that the result of stresses from Eq.
(3) and stresses from Eq.(4) are well matched to each other.
These results show that Hertzian crack suppression was
mostly due to the residual compressive stresses by thermal
mismatch during cooling.

However, at the same time, the interesting phenomena
that a set of secondary crack begins to extend with in-
creasing load or decreasing coating thickness highlight
the role of a tough underlayer in suppressing crack pro-
pagation in the bilayer structures (Fig. 4(c) or Fig. 5(d)).
The Hertzian indentation tests also provide quasi-de-
formation under the coating/substrate interface. The ex-
pansion of the sublayer damage zone as increasing load
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Fig. 9. Residual compression stresses in coatings from ther-
mal expansion mismatch as function of reduced coating
thickness dc/ds. Data from Vickers indentation. Solid curve
from theoretical fit by thermal expansion mismatch.

and decreasing coating thickness is seen to coincide with
the crack suppression, because it is conjectured that
deformation within this zone inevitably absorbs mechan-
ical energy, and thereby “shields” the cone crack pro-
pagation from the coating layer.

3. Damage tolerance

The results of indentation strength tests for the Si;N,
bilayers with different coating thicknesses are shown in
Fig. 10. The strengths of the bilayers are plotted as a
function of contact load, P, for coating thicknesses d=100
um, 200 um, and 400 pm. The data of coating monolith
is also included in this figure. Data points are individually

[}
0 1000 2000 3000 4000 5000
Indentation load, P (N)
Fig. 10. Strength degradation of Si;N, bilayers for contacts
with WC sphere radius 7=1.98 mm. Data plotted as a func-
tion of indentation load P, for coating thicknesses indicated.

Data for coating monolith was included. Solid curves from
strength degradation model.*
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Fig. 11. Strength of Si;N, bilayer as function of number of
cycles, after Hertzian indentation at load P=1000 N and
frequency 10 Hz, Boxes at left axis represent breaks from
specimens without indentations.

measured strengths from indented specimens. Rectangular
areas on the left axis represent laboratory strengths o,
of unindented specimens. Vertical dashed lines represent
the critical load P, for cone cracking in the coating
monolith or bilayers. At P>P, strength values abruptly
falloff in the coating monolith and Si;N, bilayers, with
failures from cone cracks. However, at P>P., the
strengths data shift strongly upward at thinner coatings.
Thus, damage tolerance of the thinner coated Si;N,
bilayer is higher than the relatively thick coated bilayer
and/or coating monolith.

The results from the measurements of inert strength
or of Si;N, bilayer with coating thickness =40 pum are
plotted as a function of the number of cycle n in Fig. 11.
Applied load, P=1000 N, corresponds to beyond the yield
point from the Hertzian indentation test, in order to allow
for enough development of mechanical damage during
cycling. However, relative to the specimens without the
cycling test (box at left axis in figure), strength degrada-
tion does not occur in the bilayer, which indicates there
is no degradation due to wear or low fatigue resistance.
No degradation relative to the unindented specimens
denotes this Si;N, bilayer has damage tolerance at the
given contact loading condition. The results suggest hard/
soft SiN, bilayer structure provides high wear or
fatigue resistance with high damage tolerance caused by
Hertzian crack suppression.

IV. Conclusion

A hard/soft silicon nitride bilayer with different micro-
structures was fabricated by hot pressing at 1700°C, 1 hr,
under 30 MPa. The hard coating layer consisted of most-
ly equiaxed and a phase and showed high hardness. On
the other hand, the soft substrate layer had B phase
with an elongated microstructure and showed high
toughness and the damage tolerance.
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Hertziafi érack propagation could be suppressed by

optimum design of elastic/plastic mismatch and coating
thickness. The crack suppression was also confirmed by
the Vickers indentation test. Hertzian crack suppression
results mostly from residual compressive stress in the
coating layer and increased quasi-plastic yield in the sub-
strate layer.

Moreover, the suppression of crack propagation in the
appropriately designed bilayer diminished the strength
loss even under the high or multiple damages. Both high
fatigue resistance and damage tolerance were achieved
in the bilayer.
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