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Interfacial Mechanical 
Characterization of Nicalon Sic 
Fi be r/AI u m i na - Based Co m pos ites* 

H. F. WU** 

Alcoa Technical Center, Alcoa Center, Pennysylvania 15069, USA 

and 

M. K. FERBER 

Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA 

(Received October 31. 1992: injinol Jorm August 26, 1993) 

Interfacial mechanical properties of both Nicalon SiC/aluminum borate and Nicalon SiC/aluminum 
phosphate with various fiber coatings and heat treatments were evaluated using a commercially-available 
indenter to induce fiber sliding during load cycling experiments. Varying degrees of sliding due to different 
coating materials were found. The interfacial characteristics including the shear, the residual axial fiber, and 
debond stresses were estimated by matching the experimental stress-displacement curves with curves 
predicted from an existing model. The elastic modulus and hardness of the interphase/interface in ceramic 
matrix composites were also evaluated. These results provided important insights into the ultimate 
mechanical performance of fi ber-reinforced ceramicmatrix composites. 

KEY WORDS Ceramic matrix composites; interfacial shear stress; nicalon fiber; aluminum borate; 
aluminum phosphate; nanoidentation; interphase. 

INTRODUCTION 

Fiber-reinforced composites are multi-phase systems in which the fiber-matrix inter- 
face is one of the most important parameters in controlling composite performance. 
Lamicq et al.’ and Prewo and Brennad have shown that high-strength ceramic fibers 
incorporated into brittle matrices will typically increase the fracture toughness and 
prevent catastrophic failure. The increase in toughness is the result of a number of 
energy-absorbing mechanisms that are controlled by the strength of the fiber-matrix 
interfacial bond as well as by the resistance to fiber sliding. Debonding, crack deflection, 
and fiber pull-out all contribute to improved fracture toughness and are dependent on a 
low bond strength at the fiber-matrix i n t e r f a ~ e . ~ - ~  Numerous papers have been 

*Presented at the International Symposium on “The Interphase” at  the Sixteenth Annual Meeting of 

**Present address: Owens-Corning, Science and Technology Center, Granville, Ohio 43023, USA. 
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90 H. F. WU AND M. K. FERBER 

published reporting data on the shear strength of the interface between the fiber and 
matrix using various test methods to obtain the data. However, there is no test method 
that can fully describe the fiber-matrix load transfer mechanism. To date, the single 
fiber pull-out test or microbond test,6- l o  the single-fiber-composite test’’- l 4  and the 
micro-indentation test’ 5 -  l 8  are the three most popular methods used for characteriz- 
ing the interface of composite materials. 

Marshall and Oliver” have successfully used a computer-controlled indentation 
system or mechanical properties microprobe (MPM)* to measure in-situ fiber-matrix 
shear stresses of frictional sliding and interface debonding in ceramic matrix compos- 
ites (CMC). In their studies, the MPM, having load and displacement resolutions of 
2.4pN and 0.4nm, respectively, was used to measure continuously the force and 
displacement during fiber sliding. A model describing the effects of the residual axial 
stress upon the stress-displacement (a - u )  curves generated during load-unload 
cycling was subsequently developed. The resulting expressions are summarized in 
Table I. In these expressions, is the applied stress, or is the residual axial stress, R is 
the fiber radius, E ,  is Young’s modulus of the fiber in the axial direction, and z is 
the interfacial shear stress accompanying fiber sliding. The parameters u, and om are 
the respective peak values of displacement and stress obtained during the loading 
cycle. For the case, a, = 0, the displacement upon unloading, u,, will be equal to 
one-half of u,. However, when a, < O(lal > 12arI), the ratio u,/u, will decrease as the 
residual stresses becomes more compressive. When 2ar equals the applied stress, 
complete recovery occurs upon complete unloading (i.e., u, = 0). Finally, when the fiber 
is subjected to residual axial tension, u,/u, will exceed 0.5. 

The expressions listed in Table I are based upon the assumption that a friction- 
bearing interface exists. If the interface is initially bonded, a finite mechanical stress (od) 
will be required to debond the interface over a length, c. The resulting stress- 
displacement relationship for this case is, 

TABLE I 
Summary of stress-displacement and stress-sliding length 

expressions as a function of residual axial stress in the 
fiber (Ref. 17) 

Total Sliding 
displacement length 

*Nanoindenter Mechanical Properties Microprobe, Nan0 Instruments Inc., Knoxville, TN, USA. 
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INTERFACE IN CERAMIC MATRIX COMPOSITES 91 

where 1 is the sliding length pertaining to the unbonded interface at the same applied 
stress (a, = 0). The debond length, which can be calculated by considering the energy 
changes occurring during crack extension, is given as, 

(2) 

where 2r is the fracture energy for Mode I1 loading at the fiber/matrix interface. The 
debond stress can be represented as a function of (T, and by combining Equations 1 
and 2 and letting u = 0, 

C1 - (ar/a) - (c/l)I’ = ( 8 E f r ) / ( o 2 R )  

( ~ 1 4 . 4 )  (Cd - = 2r. (3) 

The expressions in Table I* provide a convenient means for evaluating the debon- 
ding, shear, and residual axial stresses from the load-displacement curves generated 
during cyclic loading experiments. If no debonding is required to initiate fiber sliding, 
then one must simply adjust the parameters ar and t until the predicted and experimen- 
tal curves coincide. The choice of the appropriate expression in Table I is based upon 
the magnitude of u,/u,: (T, < 0 for u,/u, < 0.5, (T, = 0 for u,/u, = 0.5, and (T, > 0 for 
u,/u, > 0.5. If fiber debonding is observed, one must also choose a value for such that 
the predicted loading curve, which is determined from Equations 1 and 2, exhibits the 
appropriate debond stress (Equation 3). The unloading curve is still predicted from the 
appropriate expression in Table I provided that om > 2o/a,. 

OBJECTIVES 

A primary objective of this study was to evaluate the interfacial mechanical properties 
of Nicalon S ic  fiber/aluminum borate and Nicalon S ic  fiber/aluminum phosphate 
composites as a function of varying fiber coatings, heat treatments, and processing 
using the MPM. In these newly-developed CMC systems, varying degrees of bonding 
due to different coating materials can control the interfacial bonding and sliding 
resistance or protect the fibers from environmental degradation. A secondary objective 
of this study was to characterize the interface/interphase in the composites by measur- 
ing elastic modulus and hardness across the fiber-matrix reaction zone. These par- 
ameters are essentially important to CMC design. In addition, understanding the effect 
of varying the fiber coating thickness on the relationship between the interfacial 
mechanical properties and CMC composite strength may provide an insight into the 
ultimate mechanical performance of ceramic matrix composites. 

EXPERIMENTAL PROCEDURES 

Specimen Preparation 

Nicalon Sic  fiber/aluminum borate (ALBO) composites were produced by slurry 
infiltration of A1,0, and B,O, dispersed in Nicalon fiber satin cloth using the aqueous 

*By definition, the applied stresses in Table I and Eqs. 1 to 3 are negative while the displacements are 
positive. 
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92 H. F. WU AND M. K. FERBER 

and polymeric binder systems. The infiltrated cloth performs were consolidated by 
reaction sintering to produce an 9A1,0, - 2B,O, matrix. Thirteen Nicalon SiC/alumi- 
num borate samples (designated as samples A through L) with different fiber coatings, 
heat treatments, and processing methods were prepared. Carbon and duplex (carbon 
and boron nitride) coatings were used for improving the fracture toughness of 
fiber-matrix interfaces. The dimension of carbon or duplex coating was about 2000 
Angstrom units (0.2 pm). Two Nicalon Sic  fiber/aluminum phosphate (ALPO) com- 
posites (samples N and 0) were prepared by a proprietary infiltration process. Sample 
N was prepared using uncoated Nicalon fibers in the ALPO matrix while Sample 0 was 
fabricated with carbon-coated Nicalon fibers. Sample descriptions are listed in Table 11. 

Specimens examined with the MPM were prepared using conventional metallo- 
graphic techniques. To  prevent the lucite in the metallographic procedure from 
infiltrating the composites, which typically exhibited 30% porosity, the surfaces of 
samples were carefully covered by a thin layer of aluminum foil. The metallographic 
samples were then ground and polished to a 0.25 pm finish. 

MPM Operation 

The MPM is a special microhardness tester capable of operating at loads in the 
microgram range. As shown in Figure 1, the instrument consists of three major 
components: (1) the indenter, (2) an optical microscope, and (3) a precision table that 
transports the specimen between the microscope and the indenter. The indenter 
employs a Berkovich pyramidal diamond indenter having the same depth-area ratio as 
a Vickers diamond tip indenter. The angle between any of the indenter facets and its 
base is 60.3". Unlike conventional hardness testers, it is not necessary to determine 
optically the area of an indent in order to calculate hardness. Instead, the position of the 

TABLE I1 
Description of specimens of the ceramic matrix composites 

Specimen Id No. Description Condition 

A 650386 

B 650386 
C 650387 

D 650387 
E 650388 

F 650388 
H 579541 

I 650501-1 

J 650034- 1 

K 650034- 1 
L 650389 

N 639635 
0 639640 

Uncoated Nicalon/ALBO with polymeric 
binders 

same as above 
Duplex-coated Nicalon/ALBO with 

same as above 
Carbon-coated Nicalon/ALBO with 

same as above 
Specimen produced via S # 650386,then 

Uncoated Nicalon/ALBO with aqueous 

Duplex-coated Nicalon/ALBO with 

same as above 
Uncoated Nicalon/ALBO with polymeric 

Uncoated Nicalon/ALPO 
Carbon-coated Nicalon/ALPO 

polymeric binder 

polymeric binders 

CVD coated with Sic 

binders 

aqueous binders 

binders sintered in N, atmosphere 

As-produced 

heat treated in air 1 hr @ 816°C 
As-produced 

heat treated in air 1 hr @ 816°C 
As-produced 

heat treated in air 1 hr @ 1200°C 
heat treated in air 1 hr @ 8 16°C 

heat treated in air 1 hr @ 816°C 

As-produced 

heat treated in air 1 hr @ 8 16°C 
As-produced 

As-produced 
As - p r o d u ce d 
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INTERFACE IN CERAMIC MATRIX COMPOSITES 93 

FIGURE 1 Schematic diagram of the mechanical properties microprobe. 

indenter relative to the surface of the specimen is constantly monitored, thus allowing 
the depth of an indent to be determined. The area of the indent is then calculated from a 
knowledge of the geometry of the tip of the diamond indenter. The fact that the precision 
of the indenter can be determined to f 0.2 nm means that the indenter can be used to 
sample very small volumes of material. Typical applications include the characteriz- 
ation of thin films, near surface properties, and the different phases in a multiphase 
material. A detailed description of the MPM system is given in Reference 19. 

During an indentation, the load and displacement are measured continuously so 
that hardness can be determined as a function of indent depth on the basis of a single 
indent. The elastic modulus of a material also can be determined from the measurement 
of the slope of the unloading curve. As discussed in Section 1, the instrument is also 
useful in studies of composite materials and in the determination of the sliding 
interfacial shear stress, the residual axial stress, and the debond stress in such materials. 

Test Procedures 

In the case of the fiber sliding studies (designated as Phase I ) ,  the MPM was used to 
generate load (or stress) versus total displacement (u,) curves for a minimum often fibers 
for each composite. The cyclic loading procedure adopted for this investigation is 
summarized in the loading history diagram in Figure 2. The fiber loading history 
involved an application of a predetermined constant loading rate to a maximum force, 
followed by a constant unloading rate until 95% of the force was removed. This 
sequence was followed first by a hold segment, necessary for correction of thermal drift, 
and then by complete unloading. The magnitudes of the force and displacement were 
continuously measured during each segment of the indentation procedure. The maxi- 
mum load for each load/unload cycle was 120mN. 

In order to generate fiber displacement, us, versus stress, 0, curves from the MPM 
data, the indenter penetration into the fiber (up in Figure 2) was first subtracted from 
the total displacement of the indenter (up  + us). This subtraction process is illustrated in 
Figure 3. The solid line represents the raw data generated by the MPM. The relation- 
ship between stress and up (dashed line in Figure 3) was previously determined by 
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94 H. F. WU AND M. K. FERBER 

FIGURE 2 Indenter load/unload procedure used for Phase I measurements. 

applying the loading procedure to several S ic  fibers which did not slide. In order to 
facilitate the subtraction of the up from the total displacement versus stress curves, the 
stress dependence of up was represented by two curve-fitted polynomial expressions 
each describing the loading and unloading curves, respectively. 

Microscopic observations were used to verify the existence of sliding for each fiber 
loaded with the MPM. Typical optical micrographs of Nicalon Sic  fiber in ALP0 and 
ALBO ceramic matrices after indentation are shown in Figure 4. 

In the phase I1 study, we arbitrarily selected an uncoated Nicalon fiber for the 
evaluation of elastic modulus and hardness of the interfacial region. These properties 
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INTERFACE IN CERAMIC MATRIX COMPOSITES 95 

FIGURE 4 Optical micrographs of uncoated Nicalon S i c  fibers in, a) A L P 0  and b) ALBO matrices after 
nanoindentation: X 10oO. 

were measured by generating a 32-indent array which covered the bulk matrix of 
aluminum phosphate, the interphase zone, and the fiber cross-section. The array 
geometry is shown in Figure5 Each indent was generated by loading to a force 
sufficient to cause a 50nm penetration into the specimen and then unloading. The 
maximum depth of 50 nm was used to reduce interactions between adjacent indents. 

RESULTS AND DISCUSSION 

Phase I Study 

Table 111 provides a summary of the estimates of the sliding interfacial shear stress 
determined by matching the experimental stress-displacement curves with the model 

FIGURE 5 
composites. 

Schematic representation of thirty-two indent shapes on an uncoated Nicalon/ALPO 
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predictions. The choice of the model parameters, T, or, and r, were determined by first 
letting or = r = 0 and varying T until the experimental and predicted values of urn were 
comparable. Next, the value of or was adjusted so that the predicted normalized 
residual displacement, u,/u,, matched that of the experimental data. This iterative 
process of varying z and then or was repeated until an acceptable match between the 
experimental and predicted curves was obtained. For those composites in which 
debonding preceded fiber sliding ( 1  odl > 0), Equations 1 and 2 were used to generate the 
loading curves. In this case, the debond fracture energy, 2r, was calculated from 
Equation 3 using values of od measured directly from the experimental sliding curve 
and or, estimated above. In all fits, od and or were constrained by the condition 
lodl 2 120~1 since for lodl < 120~1, spontaneous debonding occurs prior to the applica- 
tion of any external load. 

For those composites in which sliding could be measured, the predicted stress- 
displacement curves generally provided a good description of the experimental data. 
Figures 6a through c provide comparisons between predicted and experimental trends 
for several of the composite systems listed in Table 111. Note that, in all cases, sliding 
began at the onset of loading indicating that the debond stress was negligible for these 
composites. However, for composites specimens H, D, F, I, and N, sliding could not be 
measured. This could be attributed to either a very high value of T or a high degree of 
chemical bonding such that the debond stress exceeded the maximum applied stress. 

As indicated in Table 111, the as-processed ALBO composites fabricated using 
polymeric binders exhibited relatively low values of z( < 20 MPa). The application of 
the duplex coating had no significant effect upon the sliding resistance. However, when 
carbon was used as the coating, z was reduced to 2.9 MPa. As discussed below, these 
variations could be attributed to the influence of coatings upon the coefficient of 
friction, p. With the exception of Specimen B, the primary effect of the heat treatment 
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FIGURE 6 a-c Typical examples of stress-displacement curves. 
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FIGURES 6(c) Typical examples of stress-displacement curves. 

was to decrease the magnitude of sliding below the measurement capability of the 
MPM. Finally, when the ALPO composite processed with polymeric binders was 
densified in nitrogen (Specimen L), 7 was significantly larger. 

In the case of the ALPO and ALBO (aqueous binders) composites, sliding in the 
as-processed specimens (I and N) was below the measurement capability of the 
machine. The utilization of carbon and duplex fiber coatings was effective in lowering 
the T values. A further lowering of the interfacial sliding shear stress was obtained for 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
3
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



INTERFACE IN CERAMIC MATRIX COMPOSITES 99 

the ALBO composite processed with aqueous binders and a duplex fiber coating by the 
application of 816°C heat treatment (Specimen K). 

In the Marshall-Oliver model, z is given simply by the product of the coefficient of 
friction, p, and the residual clamping stress, oc, which is determined by (1) the 
differences in the thermal expansion coefficients between the matrix and the fiber and 
(2) the fiber roughness. Therefore, the differences in z, reported on Table 111, can be 
attributed to variations in one or both of these parameters. In the case of the heat- 
treated ALBO composites fabricated using polymeric and aqueous binders with 
uncoated fibers (Specimens B and I, respectively), the lower value of z for the polymeric- 
based composite was probably a due to a lower value of p. Because these composites 
were composed of identical matrix and fiber materials, one would not expect significant 
differences in the respective thermal expansion coefficients and, thus, the magnitudes of 
oc. However, the application of fiber coatings may have influenced both p and oc. 

Assuming that the surface roughness did not contribute significantly to the genera- 
tion of radial clamping stresses during sliding, the residual axial stress in the fiber could 
be used to calculate oc from the appropriate thermal-elastic model. For all of the 
composites exhibiting measurable sliding in this study, the estimated values of cr were 
in the range of - 50 to - 100 MPa. However, these values were subject to considerable 
uncertainty particularly when z exceeded 15 MPa. This uncertainty was due in the 
experimental error associated with the measurement of the unloading curve and, thus, 
the residual displacement at complete unloading. Note that in the Marshall-Oliver 
model, or is uniquely determined by the ratio of the residual displacement to the 
displacement at  peak stress. Consequently, the separation of the effects of p and oc 
based upon the estimates of or will require additional measurements. 

Phase II Study 

The purpose of this study was to investigate the hardness and modulus of the 
fiber-matrix interphase. In this study, an uncoated Nicalon Sic  fiber/ALPO composite 
was selected. One particular fiber was chosen, and an array consisting of 32 indents was 
made to cover the bulk matrix, the interphase, and the fiber cross-section. The distance 
between indents was 3 pm in both the X and Y directions. The nominal total indenta- 
tion displacement was 50 nm for all indents. This indentation array geometry is shown 
in Figure 5. 

For each indent, the slope of the unloading curve at peak load was used to determine 
the stiffness. Using the methodology of Doerner and Nix” this stiffness value was used 
to estimate the elastic modulus and the plastic depth. The hardness was then calculated 
by dividing the peak load by the plastic area which was determined from the plastic 
depth and the geometric factor associated with the shape of the diamond indenter. 

The values of the hardness and modulus for these 32 indents are listed in Table IV. The 
bar graph plots of hardness and modulus are shown in Figures 7a and b. These graphs 
reveal the dlfference in both modulus and hardness values between the fiber and the 
matrix. The average values for the moduli and hardness of the fiber and the matrix were 
calculated. The average modulus of the Nicalon fiber was 249 i- 12 GPa as compared 
with 172 i- 16 GPa for the matrix, while the literature reported that the tensile moduli of 
the Nicalon fiber and the alumina were about 200 GPa and 250-400 GPa, respectively. 
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FIGURE 7a 
in ALPO matrix (the nominal total indenter displacement was 50nm). 

Hardness as revealed in a sequence of traverses across a transverse section of a Nicalon Fiber 

Modulus , (GPa) 

FIGURE 7b 
matrix (the nominal total indenter displacement was 50 nm). 

Modulus calculated from a series of indent traverses across a Nicalon fiber in the ALPO 

Corresponding hardness values were 31.1 f 3.3 and 13.3 f 1.7GPa. In addition, note 
that the modulus obtained from the MPM was the compressive modulus, not tensile 
modulus. The smaller value of the modulus of the matrix may possibly be caused by the 
30% porosity of the CMC samples. The uncertainties stipulated are the standard 
deviations from the averages. The results from the first eight indents (the traverse in the 
X direction with Y = 9 pm) were used for calculating modulus and hardness for the 
matrix. For the fiber, the data were obtained from 10 indents in the third and fourth 
traverses, the indents being selected on the basis that they seemed clearly to be on the 
fiber. The values obtained here are somewhat relative, not absolute values. 
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TABLE IV 
Results of hardness and modulus of thirty-two indents 

at 50 nm nominal total indenter displacement 
(Indentation array as shown in Figure 5) 

Hardness Modulus Hardness Modulus 
Indent # (GPa)  (GPa)  Indent # (GPa)  (GPa)  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

11.63 173.2 
14.41 186.2 
13.47 182.3 
16.43 191.4 
10.76 161.3 
13.95 175.3 
12.85 158.9 
12.95 144.9 
20.43 201.7 
11.95 152.5 
9.82 127.8 
7.84 149.8 

31.78 223.4 
22.56 172.7 
11.39 155.3 
17.57 210.9 

17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

26.72 
34.63 
34.83 
32.26 
36.85 
28.25 
15.21 
21.07 
14.98 
14.86 
30.28 
32.12 
30.5 
27.75 
27.89 
14.81 

267.4 
257.4 
259.5 
246.6 
264.4 
180.1 
1 15.9 
204.5 
178.6 
175 
236.9 
244.5 
239.9 
231.6 
245.5 
175.8 

The area which we are interested in is the fiber-matrix interphase (Le., the matrix in 
the immediate vicinity of the fiber). The results suggest the possibility that the matrix 
has different properties in the immediate vicinity of the fiber but we would have to say 
that we really do not have enough data to be sure. Thus, some additioinal work should 
be carried out to answer this question. 

Using the indentation test to characterize the fiber-matrix interfacial mechanical 
properties can help material scientists to understand how to control fiber-matrix 
interface in composites and can help designers by providing important insight into the 
ultimate mechanical performance of fiber-reinforced ceramic matrix composites. 

CONCLUSIONS 

Based on the findings from this study, several conclusions may be drawn as follows: 

1. The MPM can be used for the determination of sliding interfacial shear stress in 
ceramic matrix composites as long as the debond stress is low (compared with the peak 
applied stress) and the magnitude of sliding is sufficiently large compared with the 
displacement resolution of the instrument. In the present study, values of interfacial 
shear stress below 50 MPa could be readily measured. 

2. The lowest value of interfacial shear stress was obtained for carbon-coated fibers 
in the ALBO fabricated using the polymeric binder. However, this coating was not 
stable during heat treatment at 1200°C. 

3. The application of post-heat treatments to the ALBO fabricated using the 
polymeric binder was generally detrimental to the sliding characteristics. However, a 
modest lowering of interfacial shear stress was obtained for the heat-treated ALBO 
samples processed with aqueous binders containing fibers with the duplex coating. 
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4. The relative values of modulus and hardness in the fiber-matrix interphase of 
composites could be quantitatively determined using the MPM. 
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