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A variety of fibre coatings have been modelled as a means to reduce the thermal residual
stresses in sapphire/NiAl composites, including the use of molybdenum as a compliant
layer. However, no experimental studies have been performed to quantify the effect of these
coatings on the residual stresses. Measuring the effect of the coatings in real composites is
a difficult task given the limitations of the most common residual stress measurement
methods, such as X-ray and neutron diffraction. In this study, a continuous indentation
system was used to measure a spatial hardness distribution both within the molybdenum
fibre coatings and the NiAl matrix. Because it has been shown that residual stresses effect
the apparent hardness of a material, the hardness distribution should be indicative of the
local residual stress state in the sample. The measured hardness distributions showed
distinct trends, including an increasing hardness in the molybdenum as the NiAl interface is
approached, a substantial increase in NiAl hardness at the fibre/coating boundary, and

a decrease in NiAl hardness that is proportional to the distance from the fibre/coating
boundary. The potential utility of continuous indentation systems for mapping the residual

stresses in composites is briefly discussed. © 7998 Kluwer Academic Publishers

1. Introduction

The development of finite element models for the
prediction of residual stress distributions in composite
systems has greatly increased the number of research
efforts to examine the effect of fibre coatings on com-
posite performance. A limitation in these efforts is
the lack of a method to measure the spatial stress
distribution in the composite. Both neutron and X-ray
diffraction are powerful tools for measuring residual
stress in materials, but each suffers from limitations
for measuring stresses in composites [1-3]. Neutron
diffraction (ND) provides volume average strains in
the composite, and provides very valuable informa-
tion on the state of the reinforcement, and, if the
volume fraction is high enough, the fibre coating.
However, because it measures volume averages, the
residual stress gradient around the fibre cannot be
determined. X-ray diffraction (XRD) samples a much
smaller volume of material, and, therefore, can be used
to measure stress gradients. But, because of its small
sample volume and limited penetration depth, it is
often necessary to remove significant portions of the
matrix to examine the stresses near the fibre-matrix
boundary region, which modifies the residual stress
distribution. The development of continuous indenta-
tion (CI) systems, with milli-Newton (mN) indentation
force levels, offers the opportunity to obtain a spatial
distribution of the stress gradients around a fibre
in situ and to compare the effects of fibre coatings on
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the residual stresses in composites. It is well known
that residual stresses change the apparent hardness of
a sample [4-7]. Therefore, if these CI systems can
obtain spatial hardness distributions around the
fibres, then it may be possible to relate the change in
hardness to the residual stresses present in the com-
posite. The focus of this effort is to determine if spatial
hardness profiles can be obtained and if hardness
measurements can be made within the fibre coatings
themselves.

2. Experimental procedure

Sapphire fibre-reinforced NiAl (sapphire/NiAl) com-
posites with molybdenum fibre coatings between
3 and 30 um were selected for this study. The substan-
tial residual stresses in the sapphire/NiAl system have
been well documented [8—10]. Molybdenum has been
identified as a candidate fibre coating for this system
[11]. The low work-hardening coefficient of molyb-
denum makes it an attractive material for a compliant
fibre coating. It has been proposed [12] that com-
pliant fibre coatings will reduce the thermal residual
stresses in the composite by plastically deforming
to accommodate the thermal expansion mismatch
strains between the fibre and matrix. The deposition of
the molybdenum coatings on to the sapphire fibre has
been described in a NASA report [13]. The sapphire/
NiAl composites were prepared by NASA-Lewis

4101



Research Center using the powder cloth method
which has been described elsewhere [14]. After con-
solidation, composite samples were sectioned using
a metallographic saw, ultrasonically cleaned in isop-
ropanol, and then vacuum encapsulated in epoxy.
After a 24 h cure, each of the samples was polished
with the fibres perpendicular to the polished surface.
The polishing sequence consisted of 240, 320, 400, and
600 grit SiC papers followed by a 3 um diamond paste.
The polished samples were mounted on to a magnetic
sample holder by melting a small quantity of wax on
the holder, pressing the metallographic mount on to
the molten wax, and then allowing the assembly to
cool.

The hardness measurements were performed using
a UMIS-2000 Ultra Micro-Indentation System pro-
duced by CISRO, Australia, Division of Applied
Physics. The UMIS-2000 is a force-driven static
measuring device [15] for ultra micro-indentation.
The indentor is driven into, and withdrawn from, the
surface in a discrete series of steps up to a preset
maximum load. As the indentor penetrates the surface,
its depth is measured at each of the force steps. The
UMIS-2000 is equipped with a Berkovich diamond
pyramid indentor. A video microscope and an X-Y
coordinate stage, with a minimum step size of 2.5 um,
are used to position the sample for indentation
measurements. The UMIS-2000 is mounted on a vibra-
tion damping table to isolate the system from outside
vibrations. The analysis software of the UMIS-2000
calculates an equivalent Vicker’s hardness. The calcu-
lation of Vicker’s Hardness Number (VHN) is per-
formed at the maximum force applied by using the
projected area of the Berkovich indentor, which has
the same depth to area ratio of a Vicker’s indentor.

With the purpose of this study to characterize the
spatial stress distribution in the composite, CI
measurements were made in arrays of up to 99 inden-
tations (the maximum allowable with the system).
In performing these CI tests, the initial indentation
location is manually selected using the videomicro-
scope and X-Y coordinate stage. To obtain accurate
hardness measurements, it is necessary to bring the
working depth for the indentor into the linear re-
sponse region for the displacement sensor. This is
done by repositioning the indentor to a location be-
tween 50 and 100 pm away from the coordinates of the
initial point in the array, with the direction and dis-
tance dependent upon the sample, and then setting
the working depth by running this feature in the
system program.

Once the working depth was established, the sample
was repositioned to the desired starting position, and
an array file was selected from a set of files created
separately. The 11 x9 and 10 x 10 arrays were most
often used. In each of these arrays, a 10 pm spacing
between indentations in each row and between each
column was used. CI measurements were made using
a maximum load of 20 mN, a series of 30 force steps
during both loading and unloading (total of 60 steps),
and a pause between indentations of 30s. After the
indentations were completed, a micrograph of the
array is taken (Fig. 1) and the length of the normal
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Figure 1 Typical CI measurement array in a 30 um molybdenum
sample.

between each indentation and the edge of the fibre was
measured. When fibre coatings were present in the
sample, the material in which the indentation was
made (e.g. molybdenum or NiAl) is also recorded.

3. Results

Four groups of samples were characterized in this
effort; baseline composites, fibres with 3 pm molyb-
denum coatings, fibres with 10—15 pm molybdenum
coatings, and fibres with 20—-30 um molybdenum coat-
ings. For each type of sample, the hardness distribu-
tion around at least four different fibres were mapped.
The data from each set of fibres for the selected coat-
ing thicknesses was combined and are presented in
Figs 2-5 as summary plots of hardness versus distance
from the fibre. The spatial hardness distributions were
analysed via the curve-fitting feature included in the
graphing software.

4. Discussion

4.1. Sapphire/NiAl

The summary plot of the hardness versus distance
from the edge of the fibre for the baseline composite
samples is shown in Fig. 2. This figure shows both the
experimental data points and a calculated line fitted to
the data. As a point of reference, a monolithic sample
of NiAl was prepared by the powder cloth method and
an average CI Vicker’s hardness number (VHN) of
412 + 30 was obtained. The hardness measurements
show that the NiAl hardness is maximum adjacent to
the fibre, decreases as the distance from the fibre
interface is increased, and then reaches a plateau after
a distance of approximately 35 um. The calculated line
is a compilation of two separate functions; a second-
order polynomial fit for hardness values 30 um or less
from the fibre, and a linear fit for hardness values that
are further than 30 pm from the fibre edge. The poly-
nomial and linear equations are given in Equations
1 and 2, respectively

VHN = 390 — 3.95X + 0.056X> (1)

VHN = 321.3 — 0.044X )
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Figure 2 Summary of hardness versus distance from the sapphire
fibre in baseline composite samples. (l) NiAl VHN, (—) fit VHN.
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Figure 3 Summary of hardness versus distance from the sapphire
fibre for composite samples with a 3 pm molybdenum fibre coating.
(M) NiAl VHN, (—) fit VHN.
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Figure 4 Summary of hardness versus distance from the sapphire

fibre for composite samples with a molybdenum fibre coating of 10
and 15 um. (M) NiAl VHN, (A) Mo VHN, (—) NiAlfit, (- - -) Mo fit.

where X is the radial distance in micrometers from
the edge of the sapphire fibre, and the VHN is in
kgmm ™2 The data from these tests produce a
relatively narrow band of hardness values, with the
majority falling within +10% of the calculated curve.
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Figure 5 Summary of hardness versus distance from the sapphire
fibre for composite samples with molybdenum fibre coatings of
20-30 pm. (H) NiAl VHN, (A) Mo VHN, () boundary VHN,
(- - -) Mo fit, (—) NiAl fit.

4.2. Fibres with 3 um molybdenum coatings
The summary plot of the hardness versus distance
from the edge of the fibre for the composite samples
with a 3 pum molybdenum fibre coating is shown in
Fig. 3. The very thin molybdenum coatings in these
samples did not allow hardness measurements for
the fibre coating, so the data in Fig. 3 are only for
the NiAl matrix. A distinct increase in the hardness
of the NiAl is apparent in these results, compared
both to an NiAl average VHN of 412 and the data
summarized in Fig. 2. A VHN of the order of 600
was measured near the NiAl-Mo boundary with
a sharp decrease within the first 10 um before it be-
comes more linear. Converse to the baseline sample,
no distinct plateau for the NiAl hardness is seen in Fig.
3. This figure shows both the experimental data points
and a calculated line fitted to the NiAl data. The
calculated line is an exponential decay function, which
is given by

VHN = —2746.84 + 237.6¢' ~¥/#:801) 4 32250(7*/2488)
)

where X is the radial distance in micrometres from the
edge of the sapphire fibre.

4.3. Fibres with 10-15 um molybdenum
coatings

Hardness distributions from fibres with coatings be-
tween 10 and 15 um are summarized in Fig. 4. This
figure includes data for hardness values within the
molybdenum coating as well as the NiAl matrix. The
hardness values for the molybdenum coating were
fitted using a linear regression function within the
graphing software, while the NiAl data were fitted
using an exponential decay function. The two equa-
tions are, respectively

Mo VHN = 706 + 2.9X (4)
NiAl VHN = 372.35 + 4924572144 (5)

where X is the radial distance from the edge of the
sapphire fibre and the VHN are in kg mm ~ 2. The data
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for the molybdenum coating are widely scattered with
individual values from 300 VHN to over 1200 VHN.
This wide variation introduces significant uncertainty
for the utility of Equation 4. However, all of the hard-
ness values for molybdenum are substantially higher
than that reported for annealed molybdenum, which is
typically a VHN in the range of 200—250. The data for
the NiAl presents a much tighter fit to Equation 5. As
with the previous samples, the hardness of the NiAl
adjacent to the molybdenum region is significantly
higher (600 VHN) than cither the monolithic NiAl or
baseline composite values. The hardness of the NiAl
is inversely proportional to distance from the molyb-
denum boundary and appears to approach a limit at
a distance of approximately 100 pum that is in good
agreement with the monolithic NiAl hardness.

4.4. Fibres with 20-30 um molybdenum
coatings

The results of the CI measurements for the composite
samples with molybdenum fibre coatings of between
20 and 30 um are presented in Fig. 5. This figure
shows the measured hardness values for both the NiAl
matrix and the molybdenum fibre coating. For these
samples, both the NiAl and molybdenum hardness
values appeared to fit best to a linear regression func-
tion within the graphing software. Equations 6 and 7
provide the results of the linear regression fitting of
the molybdenum and NiAl data, respectively

Mo VHN = 313.65 4+ 11.02X (6)
NiAl VHN = 560.37 — 0.92X (7)

where X is the radial distance in micrometres from
the edge of the sapphire fibre and the VHN are in
kg mm 2. The data for the molybdenum coating pre-
sents a much more consistent fit with Equation 6 than
the data for the 10 pm samples did with Equation 4. In
the 20—-30 um molybdenum coatings, there is a clear
trend of increasing hardness with increasing distance
from the fibre edge. This indicates that the stress is
reduced at the molybdenum-sapphire interface, but
the mechanism for this cannot be determined solely
from these measurements. The NiAl data are relatively
tight fit with Equation 7, although there are a few
outlying data points. The measured NiAl hardness at
the molybdenum boundary does not change substan-
tially from that observed for the 10—15 pm coatings or
the 3 um samples. For the data in Fig. 5, no hardness
limit is apparent, as the distance from the fibre is
increased in this sample.

5. Conclusion

The results from this initial evaluation of CI for
measuring spatial hardness distributions show that
the system is able to map the hardness distribution
within both the fibre coating and the matrix. Given
the experimental method of using an array of hardness
measurements, fibre coatings may need to be greater
than 5 pm thick for useful data to be obtained. The
measured hardness values for both the molybdenum
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and NiAl show substantial increases in the microhard-
ness of the materials compared to their bulk values,
which indicates that significant residual stresses are
present in the materials. Further, the hardness gradi-
ents found in both the molybdenum fibre coating and
the NiAl matrix show that the CI method can provide
spatial hardness resolution of the order of 5-10 pum.
The thickness of the molybdenum coating does effect
the hardness value measured in the coating and, to
a lesser extent, the hardness distribution in the NiAl
matrix. The ability of the CI method to obtain spatial
hardness profiles within fibre coatings and in the adjac-
ent matrix demonstrates the potential for obtaining
residual stress profiles in composites using this method.
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