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A slurry of monoaluminum phosphate with fine AI203 powder was infiltrated into eight 
harness satin fabric of Nicalon T M  fibres. The infiltrated fabrics were laid up in 16 plies and 
then cured in an autoclave. Due to the chemical reaction between alumina and 
monoaluminurn phosphate, aluminum phosphate was produced. Carbon coated and uncoated 
fibres were used to manufacture these composites to produce weak and strong interfaces 
between matrix and fibres. Two different processing routes were used during manufacturing, 
which resulted in different amounts of porosity content in the final composites. 
Thermogravimetric analysis carried out at 850 ~ for 6000 min in air showed negligible weight 
change, indicating stable fibres in the composites. Four-point bend flexure tests were 
conducted at room temperature, 700 and 850 ~ Strong interface composites completely 
failed at high temperatures due to fibre fracture, but a shear dominated delamination-type 
interface failure was observed for the weak interface composites. Strong interface composites 
exhibited better flexure strengths than the weak interface composites under all conditions of 
processing and orientations. However, the weak interface composites absorbed significantly 
larger amounts of energy before failure compared to the strong interface composites. Little 
influence of porosity content was seen on flexure properties both at room and elevated 
temperatures. High temperature failure behaviour is explained using classical lamination 
theory. 

1. In troduc t ion  
Despite their high strength to weight ratio, good 
thermal stability, high wear resistance, high hardness 
and high corrosion resistance, the use of ceramic 
materials in structural applications is hindered by 
their inherent brittleness. Extensive research work is 
currently underway to improve the toughness of the 
ceramic materials [1-5]. Some of the common ap- 
proaches are design of microstructures which promote 
crack bridging, crack branching and microcrack 
toughening, consequently expending energy during 
crack propagation [5 10]. To implement these tough- 
ening mechanisms into the final material a number of 
innovative processing techniques, like slurry infiltra- 
tion, hot-pressing, hot isostatic-pressing, reaction 
bonding, sol-gel processing, etc., have been used over 
the past few decades. The most common requirement 
for all of the above mentioned processes is consolida- 
tion at high temperature and high pressure. During 
fabrication of continuous fibre reinforced composites 
these high temperature processes may cause mechan- 
ical and chemical degradation of fibres and of the fibre 
matrix interface. Chemical bonded ceramic com- 
posites offer an attractive alternative [11-15]. This 

process is similar to that of the thermosetting polymer 
matrix composite fabrication technique where com- 
posites are fabricated by in situ chemical reaction in 
the matrix material. As a result this process eliminates 
the high temperature and high pressure consolidation 
step. This process is inexpensive with a smaller chance 
of fibre degradation. In addition, due to low matrix 
shrinkage during curing, it is also useful in near 
net-shape manufacturing [15]. 

Instead of using the traditional continuous fibre 
composite approach, an eight harness satin weave of 
Nicalon TM fabric was used as the reinforcement and 
aluminum phosphate used as the matrix material. The 
use of fabric for reinforcement has gained increasing 
technological interest over the past decade. Fabric 
reinforced composites provide more balanced proper- 
ties in the fabric plane and a better impact resistance 
due to the bidirectional reinforcement [16-.19]. It has 
also been established that a composite with a strong 
matrix/fibre bond has a higher strength but lower 
toughness [5]. In order to evaluate the effect of the 
fibre/matrix interface on flexure properties a weak 
and a strong interface were chosen. Carbon coated 
Nicalon TM fibres were used to produce a weak inter- 
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Figure I Schematic representation of processing routes of the low 
and high pressure processed composites. 

face, while uncoated Nicalon T M  fibres were used to 
promote a strong interface by the formation of a bond 
between the matrix and the fibres. 

In the present work, thermal stability of the com- 
posites were tested by thermo-gravimetric analysis at 
850~ for 6000 min. Four-point bend flexure tests 
were conducted at room temperature, 700 and 850 ~ 
to study the effect of several variables, which included 
the type of interface, porosity content and orientation 
of the ply. A shear dominated delamination type 
failure occurred between the loading pin and support 
pin in the weak interface composites. For strong 
interface composites, a clear fracture within the even 
moment zone was observed during high temperature 
testing. An analysis of the residual stress build-up due 
to coefficient of thermal expansion (CTE) mismatch 
between fibre and matrix, was done using classical 
lamination theory. 

every hold period of the cycle. The composite pro- 
cessed by the former route is referred to as the "low 
pressure processed composite" (LPPC) while the latter 
is referred to as the "high pressure processed com- 
posite" (HPPC). The processing routes are shown 
schematically in Fig. 1. The LPPC had a significantly 
larger porosity content than the HPPC. During cur- 
ing, chemical reaction took place between mono- 
aluminum phosphate and alumina, forming aluminum 
phosphate [20]. This helped to form good bonding 
between the matrix and the reinforcement. Two types 
of SiC fibres were used to manufacture these com- 
posites, one was coated with carbon and the other left 
uncoated. The presence of a carbon coating on the 
fibre protected it from chemical attack from the matrix 
and helped to form a weak bond with the matrix. On 
the contrary, in the composites made with uncoated 
fibres, the matrix could attack the fibres and produce 
strong bonds between the fibre and the matrix. 

A Perkin-Elmer series 7000 thermogravimetric ana- 
lyzer was used to perform high temperature isother- 
mal oxidation experiments. Specimens of known 
initial weight and cross-sectional area were exposed 
for 6000 min at 850 ~ in normal air environment at a 
pressure of 1.013 • 105 Pa. The change in weight was 
monitored continuously using a data acquisition sys- 
tem. Thermal degradation of the fibre and the matrix 
material was studied using a Camica Camibax elec- 
tron probe microanalyser. Four-point bend speci- 
mens, 50• 10 .3 •  3, were machined from a 
large square block of composite panel, 228.5 x 228.5 
x 5 mm 3 in size. Room and high temperature flexure 
tests were carried out using a servo hydraulic testing 
machine, Instron 1331, at a constant stroke rate of 
12.7 mm ra in -1  High temperature flexure tests at 700 
and 850 ~ were carried out in an ATS high temper- 
ature split furnace with a 10 cm uniform heating zone. 
Once the temperature was reached, a 15 min soaking 
time was provided before testing. Fractographic ana- 
lyses were carried out using a Cambridge Stereoscan 
120 scanning electron microscope (SEM). 

2. Processing and experimental 
techniques 

The ceramic matrix composites were processed 
at Aloca Technical Lab., PA, 10-20gm diameter 
Nicalon TM fibres were used to manufacture eight har- 
ness satin weave fabric as a fibre reinforcement. The 
typical composition of these amorphous SiC fibres 
were 59 wt % Si, 31 wt% C and 10 wt % O. Because of 
the fibre degradation and the possibility of cracking 
due to shrinkage, high temperature consolidation 
techniques could not be used for these materials. A 
chemical bonding processing technique which could 
be carried out at low temperatures was used as an 
alternative. A slurry was made using 50 vol fraction of 
fine alumina powder in a solvent of 50 vol fraction of 
monoaluminum phosphate. Sheets of slurry infiltrated 
fabric laid up in 16 plies in an autoclave were consoli- 
dated using two processing routes. One route used a 
constant pressure of 71.5 kPa during the temperature 
ramping cycle, while the other process employed an 
increasing pressure step (from 104 to 1379 kPa) during 

3. Results  
3.1. Phys ica l  p rope r t i e s  
Table I shows the physical properties of the different 
composites. In the H P P C the % void fraction of the 
material was significantly lower than in the LPPC, 
with a consequential increase in density. In addition, 
the composites with a strong fibre/matrix interface 
showed low amounts of void content compared to the 
weak interface composites. This can be attributed to 
the fibre/matrix interaction which promoted the 
spread of the matrix to all the regions of the com- 
posite. 

3.2. Thermal  s tabi l i ty  
It has been reported [15] that at higher temperatures 
( >  1000~ aluminum phosphate can decompose 
into alumina and phosphorous pentoxide by the 
reaction 

2A1PO 4 . > A1203 + PzO5 
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TABLE I Physical properties of the composites 

Processing Interface t y p e  Orientation Porosity (%) Density (g cm-3) Test temperature 

LPPC Strong (0/90) 25.0 1.93 RT a, 700 ~ 
( + 4 5 / -  45) 850 ~ 

Weak (0/90) 28.0 1.86 RT a, 700 ~ 
( + 45/ 45) 850 ~ 

HPPC Strong (0/90) 10.0 2.31 RT a, 700 ~ 
( + 45/ 45) 850 ~ 

Weak (0/90) 15.0 2.25 RT", 700 ~ 
850 ~ 

a RT = room temperature. 

In addition the decomposition of the coating can 0.007 
occur by a reaction of the type 

0.006 
2C + 0 2 > 2CO 2 

and oxidation of the fibres can occur by a reaction of .~ 0.005 

the type ~ 0.004 

2SiC + 4 0  2 ~ >  2SiO 2 + 2CO 2 

Thermogravimetric analyses were carried out for = ~ o.o03 
LPPCs and HPPCs  with both the strong and weak ~ o.o02 

Q 
fibre/matrix interfaces at 850 ~ in a normal air envir- z 
onment at a pressure of 1.013 x 105 Pa. Fig. 2a shows o.ool 
the normalized weight gain (weight gain/original 
weight) of the sample as a function of time for the 
weak interface type composites. Fig. 2b shows the 
same for the strong interface type composites. It is 
important to note that even after 6000 rain at 850 ~ 
the total weight gain was less than 1% of the initial o.oo7 
weight, indicating that there was negligible change 
occurring. The only difference between the strong and o.oo6 
weak interface composites was that in the former there ._= 
was a gradual increase in weight, which saturated ~o.oo5 
after 3000 min. In the case of the weak interface Z- 

�9 ~ 0 . 0 0 4  
composites, after an initial rapid increase in weight up 
to 500 rain the weight gain saturated. No evidence of ~ o.o03 
weight loss due to carbon sublimation was observed in 
any of the composites. This measurement, albeit sensi- ~ 0.002 

7" 
tive, does not provide a true understanding of the 
interactions at the microscale at the fibre/matrix in- 0.OOl 
terface. It is interesting to note that porosity content 
did not play a role in the rates of oxidation, with 
H P P C  and LPPC exhibiting about the same rates of 
oxidation. This is contrary to the belief that intercon- 
nected internal porosity is detrimental to oxidation 
behaviour. This indicates that at 850~ little or no 
oxidation of the fibres, matrix or the coating was 
taking place. 

Extensive electron microprobe analysis with ele- 
mental dot mapping was conducted on as-received 
and oxidized samples to study the fibre degradation 
and element migration. No significant fibre and 
matrix degradation was observed up to a magnific- 
ation of x 2000. As the weight gain was insignificant, 
very little fibre degradation was expected. Si, A1 and P 
X-ray dot maps were similar for the as-received and 
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Figure 2 (a) Normalized weight change as a function of time at 
850 ~ for weak interface composites. (b) Normalized weight gain 
as a function of time at 850~ for the case of strong interface 
composites. 

oxidized samples. Fig. 3a shows the scanning electron 
micrograph of the H P P C  with a weak interface after 
6000 min exposure at 850 ~ Fig. 3b and c show the 
AI and Si X-ray dot map of the same region, respect- 
ively. A clean fibre surface without any degradation 
can be observed. A similar type of behaviour was 
observed in the oxidation of the other composites. 
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classical analysis of the residual stress developed due 
to CTE mismatch between the fibres and the matrix. 

The experimental results will be discussed in two 
major groups which include: (a) low pressure pro- 
cessed composites (LPPC), presented in Section 3.3.3 
and (b) high pressure processed composites (HPPC) 
presented in Section 3.3.4. The primary differences in 
these two classifications is in the porosity content of 
the composites. Within each of these groups the role 
played by: (i) orientation of the ply; (ii) type of the 
fibre/matrix interface, and (iii) temperature of flexure 
testing will be discussed. Section 3.3.5 examines the 
change in the modulus of elasticity in bending for 
different types of composites. 

In the overall context, composites with a weak 
interface were more damage tolerant than the com- 
posites with a strong interface. This is a consequence 
of the greater amount of shear stress dominated de- 
lamination in composites with a weak fibre/matrix 
interface as compared to fibre breakage-type failure in 
the strong interface composites. 

3.3. 1. Two-d imensional  f inite element mode l  
to represent the stress state in a flexure 
bar 

A simple two-dimensional finite element model was 
used to obtain the stress distribution in a bar under 
four-point bend loading. The material modelled was 
an isotropic monolithic material, to enable a physical 
understanding of the stress distributions to be ob- 
tained. The mesh generation and analysis was done 
using the FEM code ALVIN. Only one-half of the 
flexure bar was modelled due to symmetry. Triangular 
elements were used with 92 nodal points. Fig. 4a 
shows the finite element model used. A point load was 

Figure 3 (a)SEM micrograph of the HPPC, weak interface; 
(b) X-ray dot map showing AI and (c) Si distribution 

3.3. R o o m  and  high t e m p e r a t u r e  f lexure  tes t s  
To gain a better understanding of the mechanism of 
failure a knowledge of the stress state within the four- 
point bend flexure bar was required. A simple two- 
dimensional finite element model was developed to 
determine the values of normalized stresses at different 
regions of the flexure bar - Section 3.3.1 details the 
simulations done. At elevated temperatures the differ- 
ence in CTE of the fibres and matrix could result in 
significant amounts of residual stress within the com- 
posite, weakening it. Section 3.3.2 presents a simple 
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Figure 4 (a) Finite element model with loading point and con- 
straints. (b) Shear stress (x~y) distribution. (c) Cyyy distribution. 
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Figure 5 Geometry of the composite laminate model. 
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applied at point 1 and constraints were placed at 
points 2 and 3 to prevent motion in the x-direction. 
Point 4 was constrained from movement in the 
y-direction but was free to move in x-direction. Reme- 
shing was continued until the error was below 6%. 
Fig. 4b shows the x~r and Fig. 4c shows %y distribu- 
tions in the flexure bars. The shear stress was at a 
maximum in the region between load point 1 and 
support point 4, and reached numerical values as high 
as 45 times the point load. The cryy plot shows that 
large stresses developed in the flexure bar near the 
point of load and support. 

mechanical strains, e~, and are given by: 

(3) S M = ~j -- Sj 
where ~ is the thermal strain from free expansion. The 
generalized Hookean law that relates stress and strain 
is given by: 

O' i  = Q i j  8j (4) 

where Qo is the stiffness matrix, cy i is the stress com- 
ponent and sj is the strain component. When an 
external load is applied, the total stress in the lamina, 
~ ,  is given by: 

= + (5)  

where cy T is the stress due to s~ and c~ Ex is the stress 
due to external applied load. From Jones's [21] ana- 
lysis of classical laminated plate theory, the total plate 
constitutive equation can be written as: 

I ~ii I . LBij Dij_] [_~j. ~Aij Bij7 ~~ 

or, 

3.3.2. Analysis of residual stress due to 
coefficient of thermal expansion and 
mismatch between the fibres and 
the matrix 

A change in temperature could cause changes in the 
dimension of fibre reinforced composites which are 
a function of the temperature change and the initial 
dimension of the sample. Fig. 5 is a schematic diagram 
of the material model used. Lamina strain ej of any 
lamina can be calculated from the laminate midplane 
strains and plate curvature by: 

= + zKj (1) 

where ~o is the midplane strain, ~:j is the midplane 
curvature and z is the distance from the midplane. 
Typically the change in thermal strain, s T (from free 
expansion of lamina without constraint), is given by: 

s T = 0~AT (2) 

where ~ is the coefficient of thermal expansion and AT 
is the change in temperature. It is well established that 
thermal strains do not produce a resultant force or 
moment when the body is completely free to expand, 
bend or twist. However, each of the individual lamina and 
in a laminate is not completely free to deform, its 
deformation is influenced by other laminae. The stress 
in the laminae are produced by the strains that are in 
excess of the thermal strains for free expansions. When 
there are no external stresses, the strains that cause 
stress due to temperature change can be referred to as 

where, 

aij bij 

Aij 

B 0 

Dij 

(Qu)k(hk -- hk_l)  
k = l  

�89 ~ (Q~j)k(h~ - h~-l) (7) 
k = l  

} - h3 - , )  
k = l  

Aij Bij - t 
~aijbij~ = [ ~ i j ~ i j l  
[_b~ aijJ 

where (Qij)k is the stiffness matrix for the generally 
orthotropic lamina, A ij is the extensional stiffness, Bij 
is the coupling stiffness, D 0 is the bending stiffness, N i 
is the force resultant, Mi is the moment resultant, n is 
the total number of plies, t ~ is the midplane strain and 
~: is the midplane curvature. From Fig. 5, it can be 
seen that h k is the distance between the midplane and 
the kth lamina and similarly h(k_l) is the distance 
between the midplane and ( k -  1)th lamina, e~ is 
given by: 

sM = aljNi + bijMi - (aljNT + boM T) (8) 

where N T is the residual thermal stress resultant and 
M T is the residual moment resultant and is given by: 

n 

[NT] = A T ~  (OO)k(COk(hk -- h,_ 0 
k = l  

n _ _  

[MIX] = A T ~  (Qo)k(m)k(h 2 -- h i _ , )  (9) 
k = l  

where AT is the temperature difference and ~ is the 
coefficient of thermal expansion. For the case of eight 
harness satin weave fabric, assuming uniform average 
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Figure 6 A low magnification photograph of (0/90),s-type LPPC 
tested at different temperatures showing different types of failures 
under four-point bend loading. 

250 ,  

200 - 

s: 150 

t -  
O 

~ loo 
X 
ID 

U .  

50 

0 I I I I I I I I 
0 100 200 300 400 500 600 700 800 900 

Temperature (~ 

Figure 7 Flexure strength of low pressure processed (0/90)4s-type 
weak and strong interface composites tested at three different 
temperatures. 

midplane strain and curvature, Aij , Bij and Dij c an  be 
replaced by [22]: 

Aij = 0.3511.83Aij + AiUf] 

Bij = 0.64B u (10) 

Dij = 0.35[1.83Dij + D~] 

where the A]'j and D]'j are the modified extensional 
and bending matrices for the undulated portion in the 
fabric, respectively; Aij and Dij are the regular exten- 
sional and bending matrices for straight fibre portion 
of the fabric, respectively. 

For a fixed constraint, with increasing temperature, 
e]~ will increase and result in a higher cr~. Now, from 
Equation 5, it is clear that if failure occurs due to a 
constant total stress, then at higher temperatures (HT) 
requirements of the external applied stress would 
reduce due to an increase in the residual thermal Stress 
contribution. 
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Figure 8 A typical load versus displacement curve for weak and 
strong interface composites. 

3. 3. 3. Low pressure processed composites 
(LPPC) 

Two-ply orientations of (0/90)4 s and ( + 4 5 / -  45)4 S 
were chosen and results will be discussed in terms of 
these two orientations. 

3.3.3.1. (0/90)4~ ply orientation in LPPC. The var- 
iables used in this analysis included the type of fibre/ 
matrix interface and temperature of testing. Fig. 6 
shows a low magnification photograph of the different 
types of failure as a function of temperature. All the 
composites which had a weak fibre/matrix interface 
failed by shear induced delamination between the pins 
of the load span and the support span. Note that there 
was no break in the specimen and the test was stopped 
when there was a significant drop in the load sup- 
ported by the specimen. The composites with a strong 
fibre/matrix interface failed by a clean break through 
the fibres and matrix at an elevated temperature, 
whilst at room temperature they also exhibited a 
delamination-type of failure. Fig. 7 shows the flexure 
strength of the composite for the (0/90)4~ orientation 
as a function of temperature. Fig. 8 is a diagram 
showing a schematic of the load versus displacement 
plots of the composites with weak and strong fibre/ 
matrix interfaces. Note that despite having a lower 
flexure strength the composites with a weak fibre/ 
matrix interface exhibited a much larger damage toler- 
ance as compared to the composites with a strong 
fibre/matrix interface. 

The flexure strengths in Fig. 7 indicate that after a 
drop in strength at 700 ~ for the composite with the 
weak fibre/matrix interface the strength increased at 
850 ~ This result indicates that up to 700 ~ there 
was little fibre/matrix interaction and as the temper- 
ature was increased from room temperature to 700 ~ 
there was a drop in flexure strength. At 850 ~ it was 
possible that the carbon coating on the Nicalon TM 

fibres were sufficiently degraded leading to a bond 
between the fibre and matrix. This led to the forma- 
tion of an interface that was stronger than the one at 
room temperature and 700~ and a consequent in- 
crease in strength. In all the tested samples there were 



some ply failures about one-ply thick on the top and 
bottom plies at the point of contact with the load and 
support pin. The large normal stresses at the point of 
contact of the pins promoted the failure of the plies. 

In the composite with a strong fibre/matrix inter- 
face tested at room temperature a delamination-type 
failure occurred, in a fashion similar to that observed 
in the composites with the weak fibre/matrix inter- 
face, shown in Fig. 6. The reason for the delamination- 
type failure at room temperature can be attributed to 
the large amounts of porosity present. The porosity 
enabled fibre sliding to occur, even with a strong 
fibre/matrix interface, leading to a delamination-type 
failure. However, as shown in Fig. 6, at elevated tem- 
peratures complete fibre and matrix breakage was the 
cause of failure. The angle of failure was 45 ~ to the 
loading direction, consistent with the mode of failure 
for the (0/90h~ orientation. Failure initiated on the 
tensile side of the constant moment region and rapid 
fracture occurred with little energy absorbed. 

It is important to note that at elevated temperatures 
the flexure strength is a synergistic interaction of at 
least three variables which include: (i) change in the 
fibre/matrix interface; (ii) change in the fibre proper- 
ties; and (iii) residual stress developed due to CTE 
mismatch between the fibre and the matrix. The initial 
small increase in flexure strength in the composite 
with the strong interface can be attributed to the 
change in mechanism of failure from delamination- 
type failure at room temperature to fibre breakage at 
700 ~ At 850 ~ the decrease in flexure strength can 
be attributed to the degradation of fibre and /o r  
matrix, as well as their interfaces, with an increase in 
temperature. In addition, stresses arising from CTE 
mismatch between the fibre and the matrix could lead 
to a deterioration of the flexure properties. This result 
was analytically derived in an earlier section to prove 
the point. It is important to note that despite the drop 
in strength at 850 ~ in the composite with the strong 
interface, it is still stronger than the weak interface 
composite at 850 ~ This indicates that despite the 
degradation in properties due to an increase in tem- 
perature, the presence of a strong interface yields a 
higher strength than a weak interface. 

Fig. 9 is a scanning electron micrograph of the 
fracture surface of an LPPC with a strong fibre/ 
matrix interface tested at 850~ Large pores were 
present and the primary mode of failure appeared 
to be due to fibre and matrix failure with very little 
fibre pull-out. The plane of fracture was at an angle 
of 45 ~ to the loading axis. 

3.3.3.2. ( + 4 5 / - - 4 5 )  ply orientation in LPPC.  Fig. 10 
shows a low magnification photograph of the defor- 
med and failed specimens of the ( + 4 5 / - 4 5 ) 4  s 
oriented LPPC with weak and strong fibre/matrix 
interfaces. As in the (0/90hs case, deformation/delam- 
ination-type failure occurred for specimens with a 
weak fibre/matrix interface, while specimens with a 
strong fibre/matrix interface failed by fibre and matrix 
cracking (except at room temperature where the 
strong interface composite failed by a delamination- 
type of failure due to the large porosity content). The 

Figure 9 SEM fractograph of the low pressure processed strong 
interface composite tested at 850 ~ It exhibits large porosity with 
some fibre pull-out. 

Figure 10 A low magnification photograph of (+45/-45),~s-type 
LPPC tested at different temperatures showing different types of 
failures under four-point bend loading. 

major difference in the failure modes of the (0/90hs 
oriented and the ( + 4 5 / - 4 5 h s  oriented composites 
with the strong fibre/matrix interface is the plane in 
which failure occurred. In the (0/90hs orientation 
failure occurred on a plane at 45 ~ to the loading axis, 
while in the (+  45 / -45 )4  s orientation the failure plane 
was parallel to the load axis. Fig. 11 shows the flexure 
strengths of the (+  45 / -45 )4  s oriented composites as a 
function of temperature. At room temperature both 
the (0/90)4 s oriented and the (+45/ -45)4~ oriented 
composites with a strong fibre/matrix interface had 
similar flexure strengths, but at higher temperatures 
the (0/90)4s orientation had better properties than the 
(+45 / -45)4~  orientation. The failure mechanism in 
the ( +  4 5 / -  4 5 ) 4  s oriented strong interface com- 
posite at elevated temperatures was due to fibre break- 
age with very little pull-out, as shown in Fig. 12. It 
also shows that there was good bonding between the 
matrix and the fibres and that the cracks propagated 
through both matrix and fibres. 

The flexure strength of the (+45/ -45)4~ LPPC. 
with the weak fibre/matrix interface showed a drop as 
the temperature was increased to 700 ~ followed by 
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Figure 11 Flexure strengths of low pressure processed 
(+45/-45)4~-type weak and strong interface composites tested at 
three different temperatures. 

Figure 13 A low magnification photograph of (0/90)4s-type HPPC 
tested at different temperatures showing different types of failures 
under four-point bend loading, 

Figure 12 SEM fractograph of the (+45/-45)4~-type LPPC with a 
strong interface composite tested at 700~ It exhibits strong 
bonding between fibre and matrix material. 

an increase at 850~ Arguments presented for the 
( 0 / 9 0 ) 4  s orientation are equally valid here. For  the 
composite with the strong interface there was a mono- 
tonic drop in flexure strength with an increase in 
temperature. As mentioned in the case of the (0/90)4s 
orientation the primary reasons for the drop in 
strength in the strong interface composites was due to: 
(i) degradation of the fibres; ( i i )CTE mismatch 
between the fibres and the matrix. 

3.3.4. High pressure processed composites 
(HPPC) 

The porosity content of the composite was signific- 
antly reduced due to the additional high pressure 
applied during various stages of the processing of the 
composite, as shown in Fig. 1 and Table I. There were 
some significant differences in the deformation and 
failure behaviour of the H P P C  when compared with 
the LPPC.  As in the case of the LPPC,  ply orientation, 
f ibre/matrix interfaces and temperatures of testing 
were three major  variables affecting deformation 
behaviour. 
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Figure 14 Flexure strengths of high pressure processed (0/90)~s- 
type weak and strong interface composites tested at three different 
temperatures�9 

3.3.4.1. (0/90)4s ply orientation in H P P C .  The var- 
iables used in this analysis included the type of fibre/ 
matrix interface and the temperature of testing. 
Fig. 13 shows a lower magnification photograph of 
the different types of failures as a function of temper- 
ature. As in the LPPC,  the composites with the weak 
fibre/matrix interfaces failed by a shear induced de- 
lamination between the pins of the load span and 
support span. Fig. 14 shows the flexure strength data 
for this orientation as a function of temperature and 
type of fibre/matrix interface. As in the LPPC,  the 
composites with a weak fibre/matrix interface exhib- 
ited a greater damage tolerance�9 A comparison of 
Fig. 7 and Fig. 14 indicates similar strength levels in 
the LPPC (25% porosity) and H P P C  (10% porosity) 
for this orientation. This result is rather significant 
considering the large differences in density and poros- 
ity levels�9 A possible explanation is that within the 
limits measured, porosity does not play a role in the 
(0/90)4s orientation. 



Figure 15 SEM fractograph of the (0/90)4~-type HPPC with a 
strong interface tested at 700 ~ It exhibits some fibre pull-out and 
fibre fracture. 

250 

Figure 17 SEM fractograph of the (+45/-45)4~-type HPPC with a 
strong interface tested at room temperature. It exhibits a combina- 
tion of delamination and fibre breakage. 
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Figure 16 Flexure strengths of high pressure processed ( + 45/ 
-45)4s-type strong interface composites tested at three different 

temperatures. 

The fracture surface of the HPPC with the strong 
fibre/matrix interface showed little porosity and the 
failure mechanism was primarily due to fibre and 
matrix breakage, as shown in Fig. 15. 

3.3.4.2. ( +45/-45)4~ ply orientation in HPPC. HPPC 
with strong fibre/matrix interfaces were tested. Tests 
indicated a significant drop in the flexure strength 
with an increase in temperature, as shown in Fig. 16. 
A combination of delamination and fibre breakage 
was observed at room temperature, as shown in 
Fig. 17. As the temperature was increased a flat frac- 
ture surface, which was parallel to the loading axis, 
was observed, this is similar to the case of the LPPC 
with a strong fibre/matrix interface. Fig. 18 is a scan- 
ning electron micrograph of the composite with a 
strong interface tested at 700 ~ It clearly shows very 
good bonding between fibres and matrix material. 
Very little pull-out was seen at either 700~ or at 
850 ~ 

3. 3. 5. Modulus of elasticity in bending 
The modulus of elasticity in bending was calculated 
for all the composites from experimental data. In both 

Figure 18 SEM fractograph of the (+45/-45),~s-type HPPC with a 
strong interface tested at 700~ It exhibits a strong bonding 
between fibres and matrix materials, and cracking across both the 
fibres and matrix. 

HPPC and LPPC with strong interfaces, tested at 
either 700~ or 850~ the modulus of elasticity 
in bending was 35 GPa  for the (0/90)4 ~ composites 
and ca. 32 .5GPa for the (45/-45)4s composites. 
The weak interface composites did not exhibit any 
Hookean region. The secant modulus of elasticity was 
calculated and is ca. 24.1 GPa  for the (0/90)4~-type 
composites and 22.3 GPa  for the (45/-45)4~-type 
composites at all temperatures. The strong interface 
composites tested at room temperature did not show 
any Hookean region and the secant modulus of rigid- 
ity was ca. 29.5 GPa  for the (0/90)4s-type and 27 GPa  
for the (45/-45)4s-type composites. The lower values 
of the modulus for the (45/-45)4~-type lay-up is a 
consequence of the orientation of the fibres. 

4. Discussion 
Oxidation tests indicated that there was little or no 
change in weight even after 6000 rain at 850 ~ in an 
atmosphere of air. The elemental X-ray dot mapping 
technique used to determine the location of P, Si and 
A1 indicated no movement of the atoms up to a 
magnification of x 2000. However, this does not 
preclude the presence of fibre/matrix interaction at 
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the microscale which can lead to property degrada- 
tion. 

Due to the various variables involved in the pro- 
cessing, the flexure properties are a synergistic inter- 
action of several of these variables. However, it is 
possible to isolate some of these variables which in- 
clude (a) the type of fibre/matrix interaction, 
(b) orientation of the plies and (c) temperature of 
testing to a greater extent and porosity content to a 
lesser extent. 

The most prominent factor that affected both the 
mechanism of failure and the flexure strength was the 
nature of the fibre/matrix interface. Carbon coated 
and uncoated Nicalon T M  fibres were used to produce 
weak and strong interfaces, respectively. As a rule, the 
presence of a weak interface promoted fibre/matrix 
sliding and produced a more damage tolerant com- 
posite, with failure occurring by shear dominated 
delamination with little fibre breakage. On the other 
hand, fibres that did not have a coating were suscept- 
ible to attack from the matrix during processing and 
formed a strong interface. These composites, as a rule, 
failed by complete fibre and matrix breakage at eleva- 
ted temperatures. The strong interface composites, in 
general, had flexure strengths 10-20% greater than 
the weak interface for comparable porosity contents 
and orientation. 

The orientation of the plies did not play a role in 
either the mechanism of failure or the strength of the 
weak interface composites, where failure occurred by 
delamination rather than fibre breakage. The simple 
two-dimensional finite element model presented for a 
monolithic material, tested under four-point bend 
loading, indicated shear stresses with a magnitude of 
as high as 45 times the applied normal stress existing 
between the support and load points. As delamination 
occurred due to fibre sliding and interface decohesion, 
orientation was not an important factor. On the other 
hand, the failure mode of the strong interface com- 
posites was affected by the orientation of the plies. At 
higher temperatures the failure plane was parallel to 
the load axis in the (+ 45/-45)4 s orientation, whereas 
the (0/90)4 s composite exhibited a fracture plane at 
45 ~ to the load axis. This result is consistent with the 
general observation of strong interface, polymer-based 
composites. As a rule, (0/90)4~ orientation exhibited 
higher strength than the (+ 4 5 / -  45)4s oriented com- 
posites when porosity contents and testing temper- 
atures were kept constant. This is because the (0/90)4 s 
composites exhibited ca. 50% reinforcement efficiency 
in the direction of testing, whereas in the (+ 45/-45)4 s 

composites the efficiency of reinforcement was ca. 
40%. Fibre breakage was observed at the point of 
contact with the pins, which extended no more than 
one or two plies. Two-dimensional finite element 
simulations for point loads indicated a significant 
increase in ~yy stresses at the point of contact which 
decreased rapidly away from the surface. 

Temperature played a significant role in determin- 
ing the type of failure, as well as flexure strength. In the 
composites with a weak fibre/matrix interface, in- 
creasing the temperature from room temperature to 
850 ~ did not change the mode of failure, which 

remained shear dominated delamination. However, 
after an initial drop in strength at 700 ~ there was an 
increase in strength at 850 ~ in all orientations and 
porosity contents. This indicated that up to 700~ 
there was almost no fibre/matrix interaction and the 
drop in strength was due to easier sliding of the fibres. 
At 850 ~ it appeared that the fibre/matrix reactions 
were initiated at the microscale levels, forming a 
stronger bond and an increased strength. This increase 
in strength placed these composites with a strength 
level below that of the strong interface composites 
with similar orientations and temperatures of testing. 
Composites with a strong interface exhibited a change 
in the mode of fracture as the temperature was in- 
creased. At room temperature the HPPC exhibited a 
delamination-type failure, while at higher temperature 
a clean break with fibre and matrix fracture occurred. 
LPPC with strong interfaces exhibited an increase in 
strength from room temperature to 700 ~ followed by 
a drop at 850 ~ The initial increase can be attributed 
to a change in the mode of failure while the final drop 
in flexure strength was due to two possible causes; 
(a) degradation of the fibre/matrix interface and/or 
fibres and (b) increased residual stresses due to the 
higher temperature. 

The LPPC had a porosity of 25% while the HPPC 
had a porosity of 10%. Within these limits, porosity 
did not play a major role compared to the effects of 
fibre/matrix interface, temperature and orientation. 

5. Conclusions 
Based on the present study, the following conclusions 
can be drawn on the thermal and mechanical behavi- 
our of those composites. 
1. The small weight change exhibited by the com- 

posites on exposure to air for 6000 min at 850 ~ 
indicate stable composites and no carbon sublima- 
tion. 

2. Changing the porosity content from 10 to 25% 
played a minor role in influencing the flexure prop- 
erties compared to other factors, like temperature, 
orientation and type of interface. 

3. In both the LPPC and HPPC composites, with 
increasing temperature the flexure strength re- 
mained almost constant for the (0/90)4s oriented 
composite with the strong fibre/matrix interface. 
However, there was a drop in the flexure strength 
for the ( + 4 5 / -  45),s oriented composite with a 
strong fibre/matrix interface. 

4. In all composites with a weak fibre/matrix inter- 
face there was a drop in flexure strength at 700 ~ 
followed by an increase in flexure strength at 
850~ However, the strength never approached 
that of the strong fibre/matrix interface composites 
under similar conditions. 

5. A deformation/delamination-type failure between 
the pins of the load span and the support span was 
observed for all the composites with a weak fibre/ 
matrix interface irrespective of temperature and 
orientation of testing. 

6. Composites with either the (0/90)4s orientation or 
the ( + 4 5 / -  45)4s orientation with strong fibre/ 
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matrix interfaces showed a clear failure into two 
piece for both HPPC and LPPC when tested at 
either 700 or 850 ~ Little or no fibre pull-out was 
seen. However, at room temperature the LPPC 
with a strong fibre/matrix interface exhibited a 
deformation/delamination-type of failure. 
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