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Four silicon nitride multilayer composites were prepared by hot pressing. Internal stress 
distribution along the layer boundary dictates the anisotropy of mechanical properties of the 
composite. The room-temperature bending strength and fracture toughness of all layered 
composites was higher than the bending strength of related monoliths. Layered ceramic 
materials exhibited higher tolerance to flaws in comparison to the monolithic ceramic. 

1. Introduct ion 
The potential of Si3N4-based ceramics/composites 
with respect to the mechanical properties is still not 
exhausted. A great effort to improve these properties is 
being made, and quite promising achievements have 
been reached in this field in recent years. The room 
temperature strength > 1 GPa, is not exceptional; 
fracture toughness > i0 MPam t/2 and Weibull 
modulus higher than 40 were also reported [1-5]. All 
these property improvements were achieved by 
more sophisticated processing of Si3N4 ceramics/ 
composites, based on the better knowledge of 
basic phenomena accompanying the silicon nitride 
densification. Weakening the bonds between grain 
boundary and Si3N4 grains to the appropriate level 
and extension of the crack path by the presence of 
either elongated Si3N4 grains or the creation of sub- 
grain boundaries (by introduction of inclusions, e.g. 
SiC subgrains, [53 ) were the base for these substantial 
improvements of room- as well as high-temperature 
properties. 

Because of the validity of Griffith's equation, these 
materials are extremely sensitive to the flaw-size distri- 
bution. Large flaws have catastrophic consequences 
on the strength and reliability. In our previous work 
E6] it was shown that by decreasing the maximum 
flaw size from approximately 80 gm to 20-30 gm 
(which was, in fact, the size of the largest grains), the 
four-point bending strength was increased from 
512 MPa to 930 MPa. 

The above-mentioned requirement on grain-bound- 
ary engineering on the micro-nano-level and the 
production of flaw-free materials, puts extreme 
requirements on the processing of Si3N4-based mater- 
ials with enhanced mechanical properties. It is gener- 
ally known that Si3N4-based ceramics/composites 
with different micro-nano-structures react to the 
propagating crack differently. The microstructural 
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characteristics for Si3N4 ceramics are in contradic- 
tion: extremely tough material with a coarse micro- 
structure and high-strength material with a fine 
microstructure, respectively [7 I. These facts lead to 
the idea of preparing Si3N4 composites with layers of 
different microstructure [8, 9], similar to the recently 
reported oxide ceramic materials with a layered 
microstructure, which exhibit a significant improve- 
ment in fracture toughness, strength and tolerance to 
the flaws [10,11]. In layered materials, the new 
boundaries (potential barriers for propagating crack 
and dissipaters of crack-tip energy) are realized on the 
milli-level and so microstructure boundary engineer- 
ing is not accompanied by the substantially increased 
requirements of the processing. 

The present paper reports the preparation of Si3N4 
composites with layered structure. The room-temper- 
ature mechanical properties of layered composites, as 
well as the monolithic ceramic materials, of which the 
layered materials are consisted, are compared. The 
role of the boundary between the microstructure 
layers is studied and discussed on the basis of the 
simplified energetic model of the crack. 

2. Experimental procedure 
The starting mixtures were prepared by attrition mill- 
ing of Si3N4 powder with sintering aids in dry iso- 
propanol for 4 h in the weight ratios listed in Table I. 
The layers of starting powder mixtures were pressed 
by the uniaxial pressure of 200 MPa in the desired 
succession. The green pellets were hot-pressed at tem- 
peratures ranging from 1750-1850 ~ and mechanical 
pressure of 30 MPa. The furnace atmosphere was 
either nitrogen or a vacuum. Discs, of 50 mm diameter 
and 4.5 mm height, with the 99% theoretical density, 
were cut into bars (3 mm x 4 mm x 45 mm) with the 
tensile face (15pm finish) perpendicular to the 
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TABLE I Starting powders composition 

Starting Si3N4 Sintering aids (wt %) Microstructure forming and reinforcing 
powder (wt %) powders (wt %) 
mixture 

A1203 YzO3 La2Oa Amorph. Equiaxed Amorph. SiCpl 
Si3N4 ~-Si3N 4 SiNC 

A 72 a 3.4 b 4.6 c - - 20 a - 
B 72" 3.4 b 4.6 c - 20 e - - - 
C 74 f - 3.0 g 3.0 ~ - - - 20 i 
D1 73 f 2 j 5 g - - - 20 k 
D2 72" 3.4 b 4.6 ~ - - - 20 k 
E 93 f 2 j 5 g - 

a LC- 12-S, H.C. Starck, Germany. f UBE SNE 10, Japan. b Fluka AG, Germany. JAlcoa A16. c Techsnabexport, Russia. gH.C. Starck, Germany. 
hMerck, Darmstadt, Germany. eprepared in house, aSHS powder prepared in the Institute of Macrokinetics, Chernogolovka, Russia. ~C-Axis 
Technology, Canada. kCISE, Italy. 

ho t -press ing  direct ion.  The  bend ing  s t rength  was 
eva lua ted  using a four -po in t  bend ing  fixture with 
inne r /ou te r  span  20/40 m m  and  a c rosshead  ra te  of  
0.5 m m m i n - ~ .  The  inden ta t ion  s t rength  in bend ing  
(ISB) fracture toughness  was ca lcu la ted  f rom the re- 
sults of  s t rength  de t e rmined  on specimens with the 
d imens ions  3 m m  x 4 m m x  25 m m  and  b r o k e n  in 
th ree -po in t  bend ing  m o d e  after i nden t a t i on  with 
a l oad  of  294 N. The  ISB m e t h o d  was used for deter-  
m ina t ion  of  the fracture toughness  of whole  com-  
posi tes  and  monol i ths .  I n d e n t a t i o n  f racture  (IF)  
toughness  was ca lcu la ted  using the fo rmula  given by 
Shet ty  et al. [12]. The  I F  m e t h o d  was used for evalu-  
a t ion  of the fracture toughness  of  ind iv idua l  layers.  
Mic ros t ruc tu res  were obse rved  on t h e p o l i s h e d  and  
p l a sma-e t ched  surfaces by  SEM. The  five different 
compos i t e s  with layered  s t ruc ture  are  discussed in the 
present  paper .  Each  consists  of  only  a couple  of  layers  
which are  repea ted  differently for different composi tes .  
The  compos i t e s  are deno t ed  accord ing  to the s ta r t ing  
mixtures  l is ted in  Tab le  1, fol lowed by  the to ta l  num-  
ber  of layers  in brackets ,  e.g. a compos i t e  consis t ing  of  
four  a l t e rna t ing  layers  of s ta r t ing  compos i t i ons  A and  
B is deno t ed  A-B(4). 

Figure 1 Micrograph of two adjacent layers with different micro- 
structure. The layer boundary exhibits no structural defects. 

3. Results 
3.1. S t ruc tu re  of  layered c o m p o s i t e s  
An example  of  a l ayered  s t ruc ture  is shown in Fig. 1. 
The  layer  b o u n d a r y  is sharp  and  well visible. N o  
technologica l  defects or  mic ros t ruc tu ra l  i nhomogen i -  
ties were found  at  the layer  boundar ies .  

3.2. Crack leng th  and f rac ture  t o u g h n e s s  
a n isot  ro py 

T h e  length of  cracks  i n t roduced  by a Vickers  i nden to r  
into the pa r t i cu la r  layers  of compos i t e s  were meas-  
ured. The  difference in length of the cracks  p r o p a g a t -  
ing para l te l  and  pe rpend icu la r  to the  b o u n d a r y  
between the layers  wi th  different mic ros t ruc tu re  were 
observed  for all compos i t e s  under  s tudy.  Fig. 2 shows 
an  example  of  such a behaviour .  F r o m  these measure-  
ments  the i nden ta t ion  f racture  toughness  ( IFT)  was 
evaluated.  Kic, paral" is the f racture  toughness  eva lua ted  
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Figure 2 Vickers' indent with different lengths of cracks paralM and 
perpendicular to the layer boundary. 

f rom cracks  para l le l  to the layer  bounda ry ,  and  
Kin, perp. co r r e sponds  to the  cracks pe rpend icu la r  to 
the layer  bounda ry .  Fig.  3 shows the values of  such 
measurement s  for two composi tes ,  A-B(4)  and  
A-D2(7) .  Pe rpend icu l a r  I F T  values are, in all cases, 
higher  and  the difference in these values is highest  for 
layer  A in the vicinity of layer  B: 37%. The  difference is 



Layer B 

Layer interface I 

Ktc perp. = 7.27 MPa  m v2 

KIc paraE. = 6.54 MPa m 1/2 

Layer D2 

Layer interface I 

KIC perp, = 8.02 MPa  m 1/2 

A N  
"~ ~Ki c m 1/2 paral. = 7.62 MPa 

Figure 3 Fracture toughness anisotropy. 

smallest for layer A in the vicinity of layer D2: only 
5%. This difference in values indicates the strong 
internal stress anisotropy within the layers. The neigh- 
bouring layer influences the properties of the particu- 
lar layer and plays a decisive role for influencing the 
residual stresses in this layer. This is documented by 
different IFT values for layer A in the vicinity of either 
layer B or layer D2, Fig. 3. 

3.3. Interaction of the crack and the 
micro-nano-structure boundary  

Vickers' cracks crossing the boundary are shown in 
Figs 4 and 5. Fig. 4 shows that the crack crossing the 
boundary is shorter than the crack propagating within 
the layer. The crack shown in Fig. 5 is deflected after 
crossing the microstructure boundary. This effect of 
crack deflection was also observed on bars broken in 
the four-point bending test. Fig. 6a shows the two 
pieces of broken bar put together and arrows indicate 
the deflection of the crack on the microstructure 
layers. The crack originally perpendicular to the ten- 
sile surface is almost parallel to this surface after 
several deflections. Fig. 6b schematically shows that 
the direction of the crack deflection at the layer 
boundary (angles ezl and ez2) depends on the stress 
state of the following layer. 

Figure 4 Vickers' indent with different lengths of cracks crossing the 
layer boundary and within one layer. 

3.4. F r a c t u r e  t o u g h n e s s  a n d  b e n d i n g  
s t r e n g t h  

The ISB fracture toughness and four-point bending 
strength values for monoliths as well as for layered 
composites are shown in Tables II and III. The 
fracture toughness and bending strengths of layered 
materials are, in all reported cases, higher than those 
for monoliths. 

3 .5 .  F r a c t u r e  b e h a v i o u r  a n d  f l a w  t o l e r a n c e  
In the all tested ceramic materials, hard agglomerates 
introduced from the starting powders are determined 

Figure 5 Interaction of the crack with the layer boundary, crack 
deflection. 
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Figure 6 (a) Fragments of testing bar from the composite E-DI(12) 
after the four-point bending test. (b) Schematic illustration of crack 
deflection during the bending test and stress anisotropy on the layer 
boundaries. 

Figure 7 (a) The arrow shows the fracture origin and the fracture 
surface of the monolith material A. (b) Fracture origin and the 
fracture surface of the layered composite A-D2(7). 

T A B L E  II Mechanical properties of monolithic ceramics 

A B C D1 D2 E 

Bend strength 640 615 622 - 640 720 
(MPa) 
Km(ISB) 6.9 6.1 - - 6.6 - 
(MPa m 1/2) 

T A B L E  I I I  Mechanical properties of layered composites 

A B(4) E-D1(12) A-D2(7) C-E(3) 

Approx. layer 1 0.33 0.45 C = 0.7, E = 
thickness (mm) 1.3, C = 2 
Bend strength 785 830 695 822 
(MPa) 
Km(ISB) 7.3 7.2 - 
(MPa m 1/2) 

as the fracture origins. Fig. 7a shows a flat fracture 
surface of a monolithic material; the fracture origin is 
indicated by an arrow. The size of these agglomerates 
changes from 30 pm to 90 gm. The large defects, pres- 
ent in both materials (monoliths and composites), 
result in moderate bending strengths of monoliths, 
Tables II and III. Fig. 7b shows the fracture surface of 
a multilayer composite, this is much rougher, and the 
crack deflection on the structural layer is obvious. The 
upper layer delamination was observed during the 
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Figure 8 Fragment of testing bar from the composite C-E(3). The 
arrow indicates the delamination of the upper layer. 

four-point bending test. It was observed that layer 
delamination starts at a load of approximately 70% of 
the critical one. Fig. 8 shows a broken bar with a de- 
laminated layer. As a consequence of this effect, devi- 
ation from linearity in the load-displacement curve 
was observed, as is schematically shown in Fig. 9. All 
these mentioned phenomena result in a higher flaw 
tolerance of multilayer composites. 

4. Discussion 
4.1. Role of the layer boundary 
As shown in previous paragraphs, the layer boundary 
significantly influences the fracture behaviour and 
mechanical properties of the composite. The role of 
the layer can be described according to the schematic 
illustration shown in Fig. 10. It is supposed that the 
crack is a result of tangential stress, eft2, acting on t h e  
crack in layer 2 which propagates from layer 2 



M o n o l i t h i c  

I 

o 
=.3 

Layered 
I 

Displacement 
Figure 9 Schematic load displacement curves for monolith and 
layered composites. 

Figure 10 Schematic illustration of the crack propagating through 
two adjacent layers. Each layer is characterized by the different state 
of stress, (Ytl and  (Yt2. 

towards layer 1. The crack approaches the layer 
boundary under the angle ~2. Layer 1 is characterized 
by the stress, o-t1. The difference between stresses 
o-t2 and o-t1 caused the crack deflection and the crack 
propagates further under the angle %. The kinetic 
energy, Ek, of the parts displaced by the advance of the 
crack is [13] 

E k = kpv 2 c2o-t/2E 2 (1) 

where k is a constant, p is the density, v is the brittle 
crack velocity, 2c is the length of the crack and E is the 
Young's modulus. In present calculation it is supposed 
that the difference between Ekl and Ek2 is caused by 
the layer boundary. The maximum crack velocity can 
be expressed [13] by 

Vm,x = (27rE/kp) ~/2 (2) 

Substituting the crack velocity in Equation 1 by Equa- 
tion 2, and subtracting Ek2 and Eka 

AEk = Ek2 --  Ekt (3) 

one obtains the energy difference, AEk, caused by the 
presence of a layer boundary. In the present approach 
it is considered that Cl = c2, i.e. that in the considered 
unit volume the crack length is approximately the 
same in layers 1 and 2, respectively. Then Equation 
3 takes the form 

AEk = Ek2(1 - o-2t2E2/o-2aE~) = XEk2 (4) 

From Equation 4, the following conclusion can be 
drawn: the energy of the crack tip (propagating from 
layer 2 to layer 1) is consumed by the boundary in the 
case where the term in parentheses, marked as X, is 
positive, Z > 0. On the other hand, the crack is sup- 
plied by energy released from the boundary in the case 
where Z < 0 (crack propagates from layer 1 to layer 2) 
and, finally, in the case where Z = 0, the boundary 
does not influence the propagating crack. The ratio of 
Young's modulus and the ratio of internal stresses of 
both adjacent layers determine the energetic status of 
the boundary. The direction of the crack propagating 
through the boundary between layers 1 and 2 or vice 
versa determines the energy consumption/release 
mode. 

4.2. Strength of the layered composite 
This simplified kinetic energy model allows an under- 
standing of the energetic status of the composite dur- 
ing the bending strength test. The energy necessary for 
the composite fracture can be extended or diminished 
by the presence of internal stresses. Increase or de- 
crease of fracture energy is dependent on the direction 
from which the crack approaches the layer boundary, 
as was shown above. Applying this approach for 
bending strength, the total strength of the layered 
material can be expressed as follows 

O'total = o-comp. Jr- Z Ao-i (5) 
i 

where CYtota 1 is the measured bending strength, o-oomp, is 
the strength of the internal stress-free layered com- 
posite and Ao-~ is the difference of internal stresses in 
the adjacent layers, i.e. Ao-~ = o-~ - o-~_ t is the internal 
stress of the ith layer boundary. This stress difference 
is defined by the equation [14] 

AO- = EIE2(132 -- [31) (dr + 2d2) A T  (6) 

(1 - v~) E2d2 + (1 - -  v2) E l d l  

where v is Poisson's ratio, E the Young's modulus, 
d the layer thickness, AT = Tj - To, the temperature 
difference between Tj (temperature of rigid joints 
formation between the layers) and room temperature, 
To. Total dimensional change of the particular layer 
as a result of sintering is given by contributions from 
thermal expansion and sintering, thus Al/lo = 

(Alt + A/s) /lo = (13t + [3s) AT = [3AT, i.e. coefficient 
[3 is determined by the thermal expansion coefficient of 
the matter and by the shrinkage of the appropriate 
layer. The positive or negative contribution of Ao- to 
o-total, Equation 5 depends on the value of 131 and 132 of 
tWO adjacent layers. In the case when [31 < [32, its 
contribution is positive, and in the case when 13t > 132, 
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it is negative. Thus, the measured bending strength 
changes with respect to the sign of A(yl. The scheme is 
shown in Fig. 6b. 

According to Equation 6, the influence of layer 
thickness, d, on A~ is most favourable, when the 
thickness of the layer under compression is much 
higher than that under tensile stress. Because the 
matrix of all layers is based on silicon nitride, the 
influence of E and v of particular layers on A~ is not 
so strong. If the second matrix is different, e.g. TiN, the 
influence of these parameters will be much higher. 

The conclusions mentioned above can be applied to 
the explanation of the results obtained for material 
A-B. The four-point bending strength of the four- 
layer composite A-B(4) consisting of fine and coarse 
Si3N4 layers, respectively, with the tensile surface of 
a coarse layer is 785 4- 83 MPa (this value is reported 
in Table III). In the case, when the fine Si3N4 is on the 
tensile surface, this value is only 630 + 107 MPa (this 
value is not reported in Table III). This fact can be 
qualitatively explained by a previous energetic ap- 
proach. In the case of higher bending strength, two of 
the three layer boundaries contribute positively 
(A~I + Ac~3) to the composite strength, ~comp., and 
one negatively, -- Ac~2. In the case of lower bending 
strength, two boundaries contribute negatively, 
- Ac~ - Acy3 and only one positively, + Acy2. When 

the composite consists of seven layers, i.e. with three 
boundaries positively contributing to the fracture en- 
ergy and three boundaries contributing negatively, the 
four-point bending strength of such a composite was 
730 _+ 71 MPa, independently of the positioning of the 
sample with respect to the layer sequence during the 
bending test. 

4.3. Flaw tolerance 
A possible explanation of the higher bending strength 
measured for the layered composites was given in the 
previous paragraph. The stress of the boundary layer, 
in this case positive with respect to Equation 5, dimin- 
ishes the maximum stress acting on the flaw. Thus, 
Griffith's law is not applicable for the layered com- 
posite. The positive boundary stress acts as a shield for 
the flaw, and so the layered material is more flaw 
tolerant than the monolithic one. 

5. Conclusion 
1. Anisotropy of the length of Vickers' cracks 

documented the presence of different internal stresses 
within the layers of the composite. 

2. Crack deflection on the layer boundary is a result 
of the presence of these different stresses along the 
boundary. 

The internal stresses, as a consequence of the exist- 
ence of layer boundaries in the layered composites, 
cause the higher room-temperature bending strength 
and larger flaw tolerance of these materials. 
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