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Abstract

The level of residual stress and crack propagation in a new generation of laminates, based on silicon nitride (Si3N4) layer and a mixture of boron
nitride (BN) and alumina (Al,Os) interlayer, was presented. The structure consists of alternated concentric rings of Si3N, separated by the weak
BN interlayer possessing no planes of easy crack propagation and fracture resistance much larger than that of any classical planar laminates. The
results on direction of crack propagation and residual stress in relation to inter-layer composition, the number of layers, and their thickness are
investigated and reported. The effect of residual stress on crack propagation was studied by using Vicksrs intentation. The highest compressive
residual stress of ~170 MPa was found in samples with five layers possessing an average layer thickness of ~310 x 10~° m.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

A new generation of laminated structures has been designed
and fabricated using a modified slip casting method followed by
pressureless sintering.!=> Instead of layers being deposited in
the planar form, as is the case with planar laminates, in the new
design they are arranged in the form of concentric rings along
the length of the structure thus avoiding the creation of plane for
easy crack propagation.”

Two different laminate compositions (in the terms of inter-
layer phase composition) were designed. The first one, consists
of SizNy layers, and interlayers containing 10 wt.% of SizNy
and 90 wt.% of BN marked as SN — (SN + BN); and the second
one, consists of Si3Ny layers, and interlayers containing 50 wt.%
of Al,O3 and 50 wt.% of BN marked as SN — (BN + Al,03). In
these types of structures the objective is to create interfacial layer
sufficiently weak to allow crack deflection along the interface.
On the other hand, the strength of the SizNy4 layer must be suf-
ficiently high to prevent an easy crack initiation at the surface
of the next layer. The residual stress is known to strongly affect
mechanical behaviour of the laminated composite by controlling
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the crack propagation at the interface between the two dissimilar
materials.*> According to He et al., there are three possibilities
for the crack propagation: the crack may arrest at the interface
under compressive stress, it may penetrate the interface, or it
may deflect from the interface. The structural model which will
provide this to take place is proposed in Fig. 1.

During the fabrication of composites with two dissimilar
materials (Si3Ny layers and BN — Al,O3 interlayer) residual
stresses will arise due to the mismatch in thermal expansion
and differences in elastic properties.®® In the case of laminates
with different ceramics, the differences in shrinkage during sin-
tering will also contribute to the residual stress.’ Perhaps, the
most important factor which contributes to the rise in residual
stress is the difference in the linear coefficient of thermal expan-
sion between the two materials used to fabricate laminates. The
residual strain, responsible for the creation of residual stress,
which develops in a composite laminate consisting of materials
with different thermal expansion coefficients, as proposed by the
Oechsner et al.!? can be expressed by equation:

(a2 — o) dT ey

EM =

where o1 and oy are the thermal expansion coefficients of the
two materials and dT is the temperature difference 77 — Tj.
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Fig. 1. One half of the structural model; the interfacial layer with porous and

weak core and a high density strong outer surface well bonded to Si3Ny layer.

In the SizNy4 laminates the residual bi-axial compressive
stress in the Si3Ny is given by Blugan et al.!!:
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where E'=E/(1—v), E; and E, are Young’s modulus of

materials with thermal expansion coefficients of «; and oo,

respectively, v is the Poisson’s ratio and #; and #, are the thick-

ness of the layer 1 and layer 2, respectively. In the interlayer

(Al,O3 + BN) which has larger thermal expansion coefficient

compared to silicon nitride, the bi-axial tensile stress is given

by'l:
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If #;/t, approaches O then the bi-axial stress in material with

lower thermal expansion coefficient (i.e. Si3Ny) reduces to:

o =ML o)
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and the stress in the material with larger thermal expansion

coefficient vanishes (o7 approaches 0).

The effect of residual stress on crack propagation was studied
using Vickers indentation by Hsueh and Evans® who developed
a method of measuring the residual stress in a ceramic matrix
by comparing the growth of crack from indentations made in
unstressed and stressed materials. The same method was used
by Marshal and Lawn'? to evaluate the residual stress in tem-
pered glass. In 1994 Zeng and Rowcliffe!® developed a method
of mapping the residual stress in glass. First, they introduced
a residual stress in the glass by applying high external loads.
Then, using low loads, small indentations were made at various
angles and distances from the cracks extending from the large

indentations. It was than possible to map the residual stress field
created on the materials surface by the indentation.

By using indentation fracture mechanics theory it has been
possible to determine the fracture toughness, Kjc, of the material
by measuring the load and crack length Cyp, via equation of the

E\'? P
ke=o(i) - (am) v

where P is the indentation loads, « is an empirical geomet-
ric constant, and E and H are Young’s modulus and hardness,
respectively. Following Zeng and Rowcliffe'? it has been shown
that, under the influence of a prevailing residual stress, o, the
crack will assume a new equilibrium length, C, when the sur-
face of the specimen is loaded at the same indentation load, P,
as in the unstressed case. At equilibrium, the crack will then
experience composite stress intensity, described by the fracture
toughness, Kjc, and is given by the expression:

E 1/2 p 12
K[C =u- (ﬁ) . (W) + IﬂO’aC (6)

The first term in Eq. (6) represents the stress intensity due to
the indentation load, P, and the second term corresponds to the
contribution of a prevailing residual stress. The sign =+ refers to
the tensile or compressive stress. Under the tensile stress, the
second term is added to the first term, and under the compres-
sive stress the second term is subtracted from the first term. In
Eq. (6), ¥ is a crack geometry factor and describes the nature
of the surface-to-depth ratio of the crack dimensions. The com-
monly used value for v for Vickers indenter is /7 (Lawn).!?
Combining Egs. (5) and (6) and noting that the same peak load
is involved in both expressions, the unknown residual stress is
obtained through the expressions:

1 —(Co/C)*/?
= k . —_— 7
or e V- A/C @
1 —(Co/C)*/?
oc Kic v JC (8)

where o7 and o¢ represent residual tensile and compressive
stresses, respectively. A tensile residual stress will act to extend
the stress-free crack so that C > Cy, while a compressive residual
stress will shorten it so C < Cp.

The objective of this paper is to investigate the effect of num-
ber of layers, their thickness and thermal properties on the level
of residual stress developed in the layers of the laminates. Also,
an additional objective of this paper was to study the role of the
residual stress in toughening of the laminated composites.

2. Experimental procedure

SizN4/BN based laminates were slip-cast alternately with
SizNy layers and BN based interfaces in plaster of Paris mould
in a casting chamber of rectangular/square cross-section of
8mm x 8mm and ~60mm deep. All laminates were fabri-
cated in such a way that the outside layer and core are SizNjy.
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Two types of laminated materials were fabricated and stud-
ied in this paper. One consists of Si3N4 layers and BN based
interface with 90 wt.% of BN and 10 wt.% SizN4 marked as
SN — (SN +BN). The other one consists of SizN4 layers and
BN based interface with 50 wt.% of BN and 50 wt.% of Al,O3
marked as SN — (BN + Al,O3). For any given number of Si3Ny4
layers, which varied from 3 to 19, 3-5 samples were fabricated
and sintered having the size of the samples after sintering of
~6 mm X 6 mm in cross-section and ~50 mm in length. In the
SN — (SN + BN) class of laminates, the SizNy layer thickness
varied from ~70 to ~510 um, and in the SN — (BN + Al,03)
class of laminates the SizN4 layer thickness varied from ~80 to
~320 pm. After sintering the samples were sliced in the direc-
tion parallel to samples’ cross-section and the cross-sections of
the sliced pieces were polished.

In order to determine crack size and, in turn, residual stress
field, Vickers’ indentations were made in both bulk, un-layered,
structure (produced by the same slip casting method using the
same Si3Ng-based slurry as in concentric Si3N4/BN laminated
structures) and in laminated SizN4/BN structures. For the inden-
tation results, five tests were conducted in order to obtain the
crack length. The indentation load varied from 5 to 50kg. The
indentations were made within Si3Ny layer as well as in a solid
un-layered Si3Ny core. After indentations, samples were sput-
tered with gold and the crack lengths of the probing indents
were measured by SEM and optical microscopy. During inden-
tation of laminated structures, appropriate care was taken to
orient (direct) the indenter in such a way that two corners of
the Vickers indentation were directed to the BN-based inter-
face and the other two to the SizNy layers. After indentations,
the cracks were examined and their lengths measured to deter-
mine the magnitude of residual stress. In the SN — (SN + BN)
class of laminates the measured half size of the crack varied
from ~102.5 to 202.9 pm, which depends on used load and
the number of Si3Ny layers, while in the SN — (SN + BN) class
of laminates the measured half size of the crack varied from
~153.25 to ~196.75 pm. For example, the measured half crack
size in SN — (SN + BN) laminates with seven layers under the
30kgload was 153.3 wm. However, the measured half size of the
crack under the same load in SN — (SN + BN) laminates with 7
SizNy layers was 114.4 wm. Under the same load the half size of
the crack in conventional non-laminated Siz N4 was considerably
larger ~205 pm.

3. Results and discussion

In the Si3N4/BN laminates the material with lower ther-
mal expansion coefficient is the SizNy4 with ¢ =3.2 x 10~%/°C.
The phase with higher thermal expansion is the interfa-
cial YAG phase’> which is formed as a result of reaction
between Al,O3 and Y03 and has the thermal expansion
coefficient of ~8 x 107%/°C. Substituting appropriate val-
ues for vgny =0.22, Esny =320GPa, agn=23.2 x 107%/°C, the
average layer thickness of 71 =230 x 107°m, vijerr =0.25,
Eintert. =390 GPa, Qingert. =8 x 1079/°C, 1p=15x 10"®m and
AT=(1300 — 20)° in Eqs. (2) and (3) gives value for the resid-
ual compressive stress in SN — (BN + Al,O3) of ~220 MPa

Fig. 2. Vickers indentations made under loads of 30 and 50kg in Si3Ny core
with 7 Si3Ny layers in SN — (BN + Al;O3) laminate.

for laminates with 7 SizN4 layers. The same calculation,
using Egs. (2) and (3), was done for SN — (BN + SN) lam-
inate with 4 Si3Ny layers. In this laminates, the calculation
was based on the assumption that the interface consists of
90wt.% BN and 10wt.% Si3N4. Since the hexagonal BN
has high anisotropy in the thermal expansion coefficient in
(0001) direction (¢=3.8 x 10_6/°C) and (1000) direction
(a=—-2.7x 10_6/°C), and considering that the BN interface
was polycrystalline phase, the level of anisotropy in thermal
expansion will likely be reduced by random orientation of
the BN and SizNj4 grains in three dimensions.'® The ther-
mal expansion coefficient of BN phase was estimated to be
a=10.86 x 1070/°C. The values for Poisson’s ratio, Young’s
modulus and thermal expansion coefficient of the interface were
calculated using the rule of mixture. Substituting values for
Vinterf, = 0.202, Einert. =~90 GPa, apnsn=10.24 x 1076/°C
and 7, =15 x 10~%m, with the same values for SizNy4 as in
SN — (BN + Al,03) laminates but different layer thickness of
11=445%x10"°m in Egs. (2) and (3), the calculated residual
stress is found to be ~40 MPa.

Fig. 2 shows the indentations in SN — (BN + Al,O3) made
under the loads of 30 and 50 kg in the Si3Njy solid core for a lam-
inate with 7 layers. As it can be seen, no cracks are developed
even under the load of 50kg. Based on this, one can conclude
that high residual stress (compressive in nature) was present in
the core of the laminate. Due to the fact that no cracks were
developed even under the load of 50 kg, a lower bound value for
the residual stress was determined by using the length of a diag-
onal of the indentation rather than the crack length. This clearly
shows that strong compressive residual stress exists within the
core of the laminate which prevents opening of the cracks.

Based on the crack/diagonal size in the stressed and
unstressed Si3Ny, the calculated values for compressive resid-
ual stress was determined using Eq. (8) and presented in
Figs. 3 and 4. It is interesting to note that the maximum stress
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Fig. 3. Residual stress vs. number of SizNy layers and their thickness in
SN — (BN + Al,0O3) laminates.

occurs at a lower number of layers (3—5) and decays to zero at
approximately 15 layers. Also, much higher residual stress was
measured in SN — (BN + Al;O3) laminates (~170 MPa) then in
SN — (BN + SN) laminates (~75 MPa).

Here, it should be indicated that the increase in the number
of layers is not the only cause for the decrease in residual stress.
Another factor is the layer thickness, which goes down as the
number of layers in the laminates goes up. It is believed that the
decrease in residual stress is caused by the decrease in the layer
thickness, as predicted by Eq. (2). Thin Si3Ny layers allow much
faster relaxation of residual stress than the thicker ones. In addi-
tion to Si3Ny layer thickness, porosity in the interfacial layer
is another factor which determines the level of residual stress.
It is shown by Boccaccini!” that, increased porosity in one of
the composite’s (laminate’s) constituents, results in a decrease
of residual stresses. As discussed in previous publication,>? an
increase in the number of layers increases the level of porosity
in both class of laminates and consequently lowers the level of
residual stress in the layers. The increased level of porosity cor-
responds to the porosity level in the samples as the number of
“porous” BN-based interfaces increases.> On the other hand, the
increased number of layers decreases the SizN4 layer thickness;
but then the densities of the Si3N4 layers go up. Even though
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Fig. 4. Residual stress vs. number of Si3Ny layers in SN — (BN + SN) laminates.

Fig. 5. Vickers indentation made under the load of 20kg in SizNy layer of
SN — (BN + Al,03) laminates (black arrow points to the center of the sample).

the determination of the level of porosity in the Si3Ny layers
was relatively difficult, after careful examination of the SizNy
layer’s microstructure under SEM, it was found that the level of
porosity in the Si3Ny layers was very small>> and estimated to
be less than 2% (Figs. 5-9). At this juncture, since the level of
porosities in the BN-based interfaces was kept constant during
slip-casting of the laminates one may conclude that the layer
thickness (accordance with Eq. (2)) is the predominant factor
(excluding the diffusion processes during sintering), which con-
trols the level of residual stress or stress relaxation in both class
of laminates.

The highest residual stress of ~75 MPa was determined in
samples with 4 Si3Ny layers, while the lowest one of ~2 MPa
in samples with 15 layers. The results shown in Figs. 3 and 4
also indicate that the level of residual stress is strongly affected
by the Si3Nj layer thickness and this plays very important
role in controlling the overall apparent fracture toughness. In
the SN — (BN + Al,O3) class of laminates, the highest residual

Fig. 6. Vickers indentation under the load of 25kg in SN — (BN + Al,03) lam-
inated structure with 12 SizNy layers (black arrow points to the center of the
sample).
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Fig. 7. Vickers indentation under the load of 25kg in the SizN4 core of
SN — (BN + SN) laminated structure.

Fig. 8. Vickers indentation under the load of 20 kg in SN — (BN + SN) laminated
structure.

Fig. 9. Vickers indentation under the load of 30 kg in SN — (BN + SN) laminated
structure (black arrow points to the center of the sample).

stress was observed in laminates having 5 Si3Ny layers with an
average layer thickness of 320 wm. At the same time, in this
class of laminates, the highest apparent fracture toughness of
22 MPam!? was measured in the laminates having 7 Si3Ny
layers with an average layer thickness of 230 um.> A differ-
ent maximum in fracture toughness and residual stress, at the
particular SizNg layer thickness, is believed to be due to dif-
ferent ratios of SizN4 layer thickness to BN-based interlayer
thickness. As Fig. 3 shows, the increase in number of layers
decreases the level of residual stress. Therefore, an additional
possible reason for the reduction of apparent fracture toughness
as the number of layers increases® could be the reduction of the
residual thermoelastic stress itself which also changes with the
thickness of the layers (Figs. 3 and 4). In the SN — (BN + SN)
class of laminates, the maximum apparent fracture toughness of
19.5 MPam!/?3 and residual stress of 75 MPa were observed at
the same Si3Ny layer thickness of 450 pm. In this case, probably
this layer thickness provides the best condition for achieving the
highest apparent fracture toughness and residual stress. Further
increase in the number of SizNy layers decreases both tough-
ness and the residual stress. This indicates that the Si3Ny layer
thickness controls the both. At this point, the same conclu-
sion can be made that as the number of layers increases the
layer’s thickness decreases, leading to the relaxation of resid-
ual stress (Eq. (2)). Since the level of residual stress controls
the apparent fracture toughness, one may conclude that the
major reason for the decrease in the apparent fracture tough-
ness in this laminates is in fact decrease of residual stress
itself.

In order to verify the presence of residual stresses in both
laminates, Vickers indentation was made in SN — (BN + Al,03)
laminates with 7 Si3Ny layers (Fig. 5). No cracks are observed in
any of the four corners of the indentation confirming the presence
of compressive stress in the Si3Ny layers acting against opening
of the crack. The load of 20 kg is normally sufficient to create
a large crack in a monolithic stress-free Si3N4. The first cracks
appeared at loads >25 kg and only in the direction parallel to the
interface (Fig. 6).

Based on the crack length, applied load and Young’s mod-
ulus, the fracture toughness was calculated to be between 12
and 15 MPam!/?, depending on the crack size. Considering that
the fracture toughness of a monolithic Si3Ny is between 8.5 and
9.6 MPam'? (calculated by Eq. (5)), the fracture toughness of
a single Si3Ny layer is considered to be very high. One possible
reason for the much higher fracture toughness of the laminates
is the presence of compressive stress parallel to the direction of
the interface.

Quite different behaviour was observed in SN — (BN + SN)
laminates. Unlike SN — (BN + Al,03) laminates, cracks were
observed at all four corners of the Vickers indentation (Fig. 7).
Although the indentation cracks were much shorter then in the
monolithic/unstressed Si3N4 materials, the fracture toughness in
these laminates was estimated to be ~13 MPa m!/2, which is con-
siderable above that of monolithic Si3N4 ceramics. This serves
as a proof that, although the residual stress does exist in the lay-
ers, its magnitude is smaller then that in the SN — (BN + Al,O3)
laminates.
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Fig. 10. Comparison of crack lengths developed under the same load of 30 kg in (a) unstressed monolithic SizNy (Kjc=7.98 MPa m'2) and (b) stressed SizN4/BN-

based laminated structures (Kjc = 18.87 MPam!/2).

In order to systematically analyze the effect of residual stress
on crack initiation, and direction of crack propagation, addi-
tional indentations were made in SizNy layers in samples with
different number of layers. The rational for making indentations
at different places with different indentation’s orientation, lies
in the intention to investigate nature or direction of crack propa-
gation in the presence of residual stress located at different sites
in the laminates. In the cases where cracks did not appear (e.g.
within the SizNy layers) served as an indication of the presence
of strong residual stress, compressive in nature.

Fig. 8 shows the indentation in a single SizN4 layer created
under the load of 20 kg. Again, although cracks were observed at
the corners of the indentation, their length was relatively small.
When the indentation load was increased to 30 kg (Fig. 9), large
cracks were observed but again, only in the direction parallel to
the interface.

In order to further appreciate the level of toughening and
the consequent increased resistance to crack propagation in the
presence of residual stress, Fig. 10 shows the indentations made
in monolithic Si3N4 and in laminated Si3N4 ceramics. While
cracks larger than 300 wm were observed in unstressed mono-
lithic Si3N4 no cracks were detected in SN — (BN + Al,O3)
laminates. During sintering of the laminates, the Y,Os3 sinter-
ing aid employed to enhance densification in SizN4 layers also
diffuses through the interface and reacts with Al O3 to form the
eutectic glassy phase which increases the bonding between the
layers.?

In layers where Al,Os3 is absent, such as is the case in
SN — (BN + SN) laminated structure, the amount of glassy phase
is too small to be able to create a strong interface. When 50 wt.%
of Al,O3 is added to the BN interface the two phases present
in the interface are Al;O3 and YAG ceramics.? Since there is
a large difference between the thermal expansion coefficients
of AlLO3 (8.9 x 1076/°C), YAG (~8 x 107%/°C) and Si3Ny
(~3.2 x 107%/°C) (20-1000 °C) the interface will shrink more
than the SizNy layers on cooling from the fabrication temper-
ature and will be subjected to tensile stress while Si3Ny layers
will be under compressive stress. This effect is especially strong
when bonds between Si3Ny layers and the interface are stronger
such as is the case with SN — (BN + Al,03) laminated structure.

The interfacial stress developed as a result of difference in
thermal expansion between SizNy layers and BN interface was
found to be an important factor which controls the crack ini-

tiation and its propagations in laminates studied in this paper.
Also, itis believed that this new laminated structures offers great
potential in developing reliable high toughness ceramics in a
cost effective manner. Further optimization of the layers thick-
ness, their chemistry and microstructure may lead to yet further
improvement of mechanical properties and we are still far from
reaching full potential of the structure.

4. Conclusion

The level of residual stress developed in the interface
was found to depend on the nature/composition of the inter-
face and Si3Ny layer thickness. The compressive stress of
170 MPa, was found to exist in higher density inter-layers of
SN — (BN + Al,03) laminates compared to the stress of 75 MPa
in lower density inter-layers of SN — (BN + SN) laminates. Both,
the residual stress and the interfacial strength govern the direc-
tion of crack propagation which, in turn, controls the fracture
resistance of the Si3N4/BN laminates.

This residual compressive stress is one of the main reasons
why SN — (BN + Al;O3) laminates exhibit significantly high
apparent fracture toughness®> compared to SN — (BN + SN).

Unlike SN — (BN + Al,O3) laminates, which contain a much
lower level of porosity and considerable amount of glassy
phase,” SN — (BN + SN) laminates have lower density (higher
porosity) and no YAG or glassy phase in the interface. This
makes the interface much weaker allowing the crack to deflect
and travel longer distances before it is arrested and forced to
change its direction of propagation. The consequence of this is
the relaxation of residual stress in the SizNy layers. The absence
of a strong interfacial layer makes it easier for the crack to be
reinitiated and propagated at the next SizNy layer.
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