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Indentation loading of thin, continuous silica coatings adhered to Bismaleimide (BMI)
polymeric substrates induces a concentric array of cracks in the silica coating. For Vickers
indentation, the array consists of diamond-shaped concentric cracks, while Hertzian
indentation gives circular concentric cracks. This paper characterizes the
indentation-induced crack damage in the coating in terms of: (1) fs, the area fraction of the
coating (within the indentation-cracked region) that spalls off the substrate due to the
indentation and (2) the spacing between the cracks in the crack array. For a given
indentation crack field, the crack spacing was uniform as a function of radial distance
outward from the center of the indentation. One of the key results of this study was that the
curing temperature for the coating dramatically affected both the coating spalling area
fraction, fS, and the manner in which the crack spacing changed as a function of the applied
indentation load. C© 2001 Kluwer Academic Publishers

1. Introduction
The polymer Bismaleimide (BMI) is a viscous liquid
prior to crosslinking, which allows BMI to be processed
as easily as an epoxy resin [1, 2]. After curing, BMI’s
glass transition temperature is approximately 300◦C,
which is sufficiently high that BMI can be used in a
number of high temperature applications of polymeric
materials, including in advanced aerospace applications
[2–5].

However, BMI is susceptible to attack by organic sol-
vents, moisture, and galvanic corrosion [1]. To enhance
BMI’s performance, the authors and co-workers [6]
have applied thin, continuous silica surface coatings
to BMI substrates in an effort to seal out moisture, sol-
vents, and deter galvanic corrosion. In this study and in
previous studies of BMI by the authors [6], the silica
coating on the BMI substrates were produced by spin-
ning on a preceramic organic liquid and then curing the
liquid to obtain an amorphous silica layer.

Vickers indentation can give a rough estimate of the
coating’s resistance to point contact damage due to ma-
terial handling and (in the case of aerospace materials)
erosion processes such as dust impact and maintenance
procedures [7]. For the silica-coated BMI, Vickers in-
dentation damage is manifested as an array of concen-
tric, quasi-diamond shaped cracks, centered at the cen-
ter of the indentation impression (Fig. 1). For Hertzian
indentation, the crack damage field consists of a circular
array of cracks (Fig. 2).
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Although crack damage is often characterized in
terms of crack length, for the periodic array of inden-
tation damage cracks observed for the silica coatings
in this study (Figs 1–3), the area spalling fraction,fS,
and the mean crack spacing,µ, are used as measures
of the integrated coating damage. The crack field di-
mensions as a function of the applied indentation load
were addressed in earlier studies by the authors and co-
workers [6]. An interesting result of this study is that
both the spalling fraction and the mean crack spacing
can be significantly affected by the curing temperature
of the coating. Potentially, adjustments in the curing
temperature may be utilized to aid in optimizing coating
adhesion for a variety of applications of silica coatings
on BMI.

2. Experimental procedure
2.1. Materials
All of the BMI substrates included in this study
were formed by reacting two polymeric components,
bismaleimidodiphenylmethane (BMPM) and diallyl
bisphenol alcohol (DABPA) using a 1 : 1 stoichiometric
ratio of BMPM and DABPA. The details of the fabri-
cation of the BMI billets is given elsewhere [1, 2, 6].

High-purity amorphous silica films were fabricated
on the BMI specimens using a organically-based pre-
ceramic liquid (SilicaFilmTM, Emulsitone Company,
Whippany, New Jersey). According to the vendor
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Figure 1 For 0.15 micron-thick silica coatings on a BMI substrate, crack damage field induced by Vickers indentation at indentation loads of (a) 9.8 N
and (b) 49 N. In both micrographs, the coating was cured at 175◦C for one hour.
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Figure 2 For a 0.15 micron-thick silica coating on a BMI substrate, the crack damage field induced by a Hertzian (spherical ball) indentation at an
applied load of 588 N. The coating was cured at 150◦C for 20 minutes.

(Emulsitone Company), the metal ion impurity level in
the air-cured SilicaFilmTM is less than 1 part per million.
(The high purity of the SilicaFilmTM is important in its
principal intended use, which is as a passivation layer
for integrated circuitry, where the silica layer serves
to guard against both abrasion damage and electrical
shorting of the fine-line metallized circuitry deposited
on the surface of the integrated circuit.) In this study, the
SilicaFilmTM provides a convenient method of deposit-
ing a variable thickness, high-purity amorphous silica
film on the BMI substrate surface. As discussed in next
section, the thickness of silica coating is controlled by
the spin rate of the substrate, after the SilicaFilm has
been applied.

2.2. Specimen preparation
After fabricating the billets, the BMI was cut into
1 cm× 1 cm× 0.4 cm specimens using a low speed
diamond saw. After sectioning, one of the specimens’
1.0 cm× 1.0 cm faces was ground with 600-grit abra-
sive paper followed by polishing with 5µm, 0.3µm,
and 0.05µm alumina abrasive powders. The polished
BMI substrates then were precured in air at 200◦C for
one hour.

Using a pipette, approximately five drops of the pre-
ceramic silica liquid were applied to the BMI sub-
strate’s surface. The specimens were then spun at
4000 rpm for 20 seconds using a high speed substrate
spinner. After spinning, the silica-liquid coated speci-
mens were cured in air using one of four curing con-
ditions: (1) 150◦C for 20 minutes, (2) 175◦C for one

hour, (3) 200◦C for one hour, and (4) 250◦C for one
hour. Each of the four curing conditions yielded an
amorphous silica film approximately 0.15 micron thick.
After curing the coating, two of the specimens which
had been cured at 150◦C for 20 minutes were abraded
using 0.05µm alumina powder for 45 seconds using a
polishing wheel speed of 175 rpm.

2.3. Vickers and Hertzian indentation
For the silica-coated BMI specimens included in this
study, crack damage was induced by either Vickers
indentation or Hertzian indentation. The Vickers in-
dentations were made using a loading rate of 70 mi-
crons/second and loading time of 10 seconds with a
semi-macro indenter (Buehler, Lake Bluff, IL). The
unabraded specimens were indented at loads varying
from 2.94 to 196 N, while the abraded specimens were
indented only at loads of 9.8 N and 49 N.

The Hertzian indentations were made using a stan-
dard Rockwell indenter (Wilson Mechanical Instru-
ment Co., NY) with a major load of 588 N, a load-
ing time of 10 seconds, and a spherical steel indenter
ball 1.5875 mm in diameter. (These loading conditions
correspond to the Rockwell F-scale).

2.4. Crack damage characterization
For the crack spacing analysis, micrographs of the
Vickers indentation damaged regions were obtained
using a Scanning Electron Microscope (SEM) using an
accelerating voltage of 20 kV, imaged magnifications
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Figure 3 Micrographs showing the considerable spalling produced by Vickers indentation loading for specimens cured at 150◦C for 20 minutes then
indented at loads of (a) 9.8 N and (b) 49 N.
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of 3000× to 3500×. For the spalling damage measure-
ments, the SEM measurements were performed at mag-
nifications between 300 and 720×, since a wider field
of view was needed for the spalling experimentation
than for the crack spacing measurements.

All of the individual crack spacings data were
measured directly from the SEM micrographs. For the
Vickers indentation crack arrays, the measurements
were made along the diagonals of the indentation
impression. For the Hertzian indentations, the crack
length measurements were performed along the radial
direction outward from the center of the indentation
impression.

The spalled area fraction,fS, defined asfS= spalled
area/total indented area, was determined using com-
mercial image analysis software. A total of 54 Vickers
indentations were analyzed by the image analyzer (9 at
each of the 6 indentation loads).

One third of the same set of indentations analyzed
by the image analyzer (3 indentations at each of the 6
indentation loads) were re-analyzed by the grid point
method (involving counting squares on graph paper di-
rectly superimposed on the SEM micrographs). For
each of the indentations that were compared, the im-
age analysis and the grid point analysis gavefS values
that agreed to within±2%, which indicates that the
image analysis system did provide rapid and relatively
accurate data on the spalling fractions.

3. Results and discussion
3.1. Spalling area fraction for the coating

as a function of curing conditions
The silica coatings were cured in air using the follow-
ing conditions: (1) 150◦C for 20 minutes, (2) 175◦C
for one hour, (3) 200◦C for one hour, and (4) 250◦C
for one hour. While Vickers indentations were made on
specimens coated under each of the four curing condi-
tions, Hertzian indentations were made only on coat-
ings cured at 150◦C for 20 minutes.

An important trend in the spalling area fractions for
the specimens was that curing the coatings at tempera-
tures of 175◦C or greater reduced the amount of spalling
due to Vickers indentation. In particular, for the silica
coated BMI cured at 150◦C for 20 minutes (Fig. 3) and
175◦C for one hour (Fig. 1), the spalling area fraction
fS, was calculated for nine indentations at each value
of load. For the BMI cured at 150◦C for 20 minutes,
fS, varied from 0.14 to 0.25 (Fig. 4). However, for the
BMI cured at 175◦C for one hour,fS was much smaller,
ranging from 0.02 to 0.05 (Fig. 4).

The silica coatings cured at 200◦C for one hour and
250◦C for one hour yieldedfS values of approximately
0.02 to 0.04 upon Vickers indentation at loads from
2.94 N to 196 N, which is quite similar to thefS val-
ues obtained for the coatings cured at 175◦C. How-
ever, while the coatings cured at 150◦C and 175◦C were
smooth, continuous, and crack free in the as-cured state,
the coatings cured at 200◦C and 250◦C displayed a net-
work of cracks in the as-cured state (prior to indenta-
tion). Due to the cracks present in the coatings prior
to indentation, a reduced number of indentation tests
were performed for the specimens with coatings cured

Figure 4 The spalling area fractionfS, as a function of Vickers inden-
tation load for silica coated BMI cured at 150◦C for 20 minutes (open
circles) and 175◦C for one hour (open triangles).

at 200◦C and 250◦C, with only two indentations at each
load for 2.94 N, 4.9 N, 9.8 N, 49 N, and 98 N, and only
one indentation was done at 196 N.

The crack patterns observed in the as-cured speci-
mens for the 200◦C and 250◦C curing were consistent
with cracks induced by thermal expansion differences
between the coating and substrate [8]. For exam-
ple, curing at 200◦C produced a network of parallel
cracks extending about 3000 to 4000 microns from
the specimen edge. On average, approximately one out
of 10 cracks in the network coalesced with another
crack a distance of roughly of 1000 to 1500 microns
from the specimen edge. Based on a total of 71 mea-
surements, the spacing between the parallel cracks was
roughly 45.8 microns±21.3 microns. In addition to
the parallel cracks, each of the four corners of the
coated specimen face displayed a “mud-flat” pattern
of cracks, with a distance between nodes of about 15
to 25 microns. Upon curing at 250◦C, the entire sur-
face area of the coated specimens displayed a mud-
flat crack pattern. Based on 41 measurements, the
average of distance between crack nodes was about
120 microns for the silica coatings cured at 250◦C.
Therefore, despite the thermal-expansion-mismatch in-
duced crack networks that existed in the silica coat-
ings cured at 200◦C and 250◦C prior to indentation,
the spalling area fraction,fS, was still comparable to
the relatively low values observed for coatings cured at
175◦C.

Thus, in this particular coating/substrate system,
there is apparently an optimum temperature range (near
175◦C) where the silica coatings are (1) crack-free,
smooth and continuous after coating and (2) spall rel-
atively little upon indentation by a sharp (Vickers) in-
denter. The difference infS observed for coatings cured
at 150◦C and those cured at 175◦C indicates that the
silica film’s adhesion to the BMI substrate is a func-
tion of curing temperature, which in turn likely stems
from temperature-dependent chemical reaction(s) tak-
ing place at the silica/BMI interface during curing.
However, the details of such interfacial reactions need
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to be explored and elucidated in order to understand the
basic physical processes involved.

Not unexpectedly,fS is apparently a function of the
indenter tip shape. The value offS tends to be lower
for the blunt Hertzian (spherical) indenter tips than for
the sharp Vickers (square pyramidal) indenter tips. For
the silica coatings cured at 150◦C for 20 minutes, the
Hertzian indentations at 588 N load (Fig. 2) gavefS
values that ranged from 0.06 to 0.08 for a total of six
indentations, three each on two specimens, which is
considerably lower than thefS resulting from Vickers
indentation on identically-cured coatings. No spherical
indentations were done on the coatings cured at tem-
peratures from 175◦C to 250◦C.

3.2. Crack spacing as a function of radial
distance from the indent center

Within a given crack field, the micrographs of the inden-
tation damage indicate that the spacing between adja-
cent cracks,di ,i+1, is relatively uniform over the entire
crack field, for both Vickers and Hertzian indentation
crack fields (Figs 1 and 2). However, in addition to
the qualitative assessment of the crack spacing unifor-
mity obtained by observing the micrographs of crack
damage, we also statistically compared the crack spac-
ing data to a uniform distribution (Fig. 5). A uniform
distributionU (a, b) has a single valueUO for its entire
range over the entire interval (a, b). As an statistical es-
timator of the valueUO [9, 10], we used the mean crack
spacing,µ. Thus, if one assumes a uniform distribu-
tion of crack spacings, thenµ becomes the predicted
or “expected” value ofU (a, b), and the actual crack
spacing data,di ,i+1, are the observed values ofU (a, b).
The mean crack spacingsµ were calculated using

Figure 5 A schematic showing a uniform distributionU (a, b) with the
magnitudeU0 over the range (a, b).

Figure 6 A schematic of the crack spacings versus radial position, show-
ing examples of the differences between the crack spacingdi j and mean
crack spacingµ.

µ =
N∑

i=1

di,i+1

N
(1)

where N= the total number of cracks in the interval
between the indent center and the outer edge of the
indentation-induced crack array. The “residuals”,ri,i+1,
in the statistical analysis are defined as

ri,i+1 = di,i+1− µ (2)

and thus the residualri,i+1 values are the differences
between the observed and expected values for the dis-
tribution (Fig. 6).

An analysis of residuals can be a powerful statistical
tool for making inferences about the nature of the distri-
bution itself [11]. In particular, if the magnitude of the
residualsri,i+1 are normally distributed, then the typi-
cal inference is thatri,i+1 reflect random differences in
the data (the observeddi,i+1 values) with respect to the
expected value (here, the mean crack spacing,µ).

The normality of the distribution of the residuals
ri,i+1, was tested via an order statistics study, in which
the set of residualsri,i+1 for a given indentation were
arranged in ascending order and numbered from 1
throughN− 1, whereN− 1 was the total number of
crack spacings in a given data set withN cracks [12].
Using MS Excel software, the ordered residuals were
plotted on a normal probability axis against the ex-
pected order statistic values,SI , whereSI is defined by
SI =(I − 3/8)/(N+ 1/4) for I = 1 to N [12]. In these
coordinates (Fig. 7), a straight line corresponds to a
normal distribution. For the normal probability plots of
the residuals (Fig. 7), the coefficient of determination,
R2, values ranged from 0.904 to 0.986 indicating that
the residuals follow a Gaussian distribution [13]. The
residuals being normally distributed in turn means that
there is a random scatter in crack spacingsdi,i+1 about
the meanµ. In other words, for the individual crack
damage fields induced by Vickers or Hertzian indenta-
tion, the crack spacing is apparently uniform.

3.3. Mean crack spacing as a function of
load, abrasion, and curing conditions

3.3.1. Mean crack spacing measurements
In addition to determining the mean crack spacing,µ,
for individual indentation damage fields, the trend in
mean crack spacing as a function of load, coating abra-
sion, and curing conditions was investigated for a total
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Figure 7 The residual crack spacings versus the expected value of the
order statistic [12] for silica coatings cured at 150◦C and indented at
49 N for (a) a surface-coating (R2= 0.986) and (b) an unabraded coating
(0.938).

of eighty-four Vickers indentation crack fields and six
Hertzian indentation crack fields.

For the unabraded coatings cured at 150◦C for
20 minutes, thirty-six Vickers indents were made, six
each for each of the six values of indentation load
(2.94 N to 196 N). The mean crack spacings,µ, var-
ied from 4.3 microns to 5.0 microns. For the speci-
mens having abraded coatings (which were also cured
at 150◦C for 20 minutes), six Vickers indentations each
were made at loads of 9.8 N and 49 N, which resulted
in mean crack spacingsµ of 4.3 microns and 4.7 mi-
crons, respectively. The overall mean value for both
the unabraded and abraded specimens was 4.6 microns,
over the entire range of Vickers indentation load from
2.94 N to 196 N (Fig. 8). For the six Hertzian inden-
tation (three indentations on each of two specimens),
the mean crack spacing was 4.6µm, which also is very
similar to the mean crack spacing for the Vickers in-
dentations on both the unabraded and abraded silica
coatings.

Figure 8 The mean crack spacings versus as a function of indentation
load for silica coatings cured at 150◦C for 20 minutes (open circles) and
175◦C for one hour (open triangles).

The applied indentation loads for the combined data
set (Rockwell and Vickers indentations together) span
a factor of 200 in load (from 2.94 N to 588 N). For the
Vickers indentation work alone, the applied indentation
load ranged from a minimum of 2.94 N to a maximum
of 196 N (a factor of about 67). Furthermore, this work
encompasses different indenter tip materials (diamond
for the Vickers and hardened steel for the Rockwell), as
well as differing indenter tip shapes (square-pyramid
“sharp” indenter tip for the Vickers, and a spherical
tip for the Rockwell). Thus, for the coatings cured at
150◦C in air for 20 minutes, the mean crack spacing is
remarkably independent of load, indenter tip material,
and indenter tip shape, and the details of the surface
flaw population.

In contrast to the coatings cured at 150◦C for 20 min-
utes, coatings cured at 175◦C showed a dependence of
the mean crack spacings on applied Vickers indentation
load (Fig. 8). At low loads (2.96 N), mean crack spac-
ings for the coatings cured at both 150◦C and 175◦C
were each approximately 4.7µm. As the applied load
increased, the mean crack spacing remained relatively
constant for both the unabraded and abraded coatings
cured at 150◦C for 20 minutes (Fig. 8). However, for the
coatings cured at 175◦C for one hour, the crack spacing
increased monotonically to 7.1µm for indentation load
of 196 N, which is 47% greater than the crack spacing
produced at a similar load for coatings cured at 150◦C
(Fig. 8). An empirical relationship that describes the
normalized mean crack length as a function of load is
discussed in the next section.

3.3.2. An empirical relationship for crack
spacing as a function of load

Although the mean crack spacings for the coatings
cured at 150◦C and 175◦C showed different dependen-
cies upon the applied indentation load (Fig. 8), both
sets of crack spacing data are described by a single
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Figure 9 For Vickers indentation-induced cracks in silica coatings on
BMI, the normalized mean crack spacingµ/a as a function of the in-
dentation load. In contrast to the non-normalized crack spacing data in
Fig. 8, the normalized crack spacing is described in terms of a single
empirical mathematical relationship, where the straight lines indicate
least-squares best fit of the data to Equation 3.

empirical expression (Fig. 9) for the normalized crack
spacing, namely

µ/a = ϕPε (3)

whereµ= the mean crack spacing,a= half the total
crack field dimension,P= Papp/PO= normalized ap-
plied indentation load, andPapp= applied indentation
load, PO= a reference load.

Since there was not an obvious physically-motivated
choice for reference load,PO was set to 1 Newton. Thus,
the prefactorϕ and the exponentε are unitless constants
determined by the least-squares procedure (Table I) and
the normalized valueP is numerically equal to the ap-
plied indentation loadPappexpressed in units of N. The
least-squares fit to Equation 3 of the normalized crack
spacing data for the unabraded coatings cured at 150◦C
and 175◦C yield coefficients of determination,R2, of
0.997 and 0.996 respectively. Thus, over the range of
loads included in this study, Equation 3 fits the data
extremely well.

Since the crack spacing data for the 175◦C and the
150◦C curing are described well by the same func-
tional form (Equation 3), it was of interest to determine
whether the values of the least-squares fitted constants

TABLE I The prefactorϕ and exponentε obtained from the least-
squares fit of the normalized mean crack spacing versus load data to
Equation 3

Coating curing conditions ϕ± See(ϕ)* ε± See(ε)*

150◦C/20 minutes 0.1224± 0.006 −0.4981± 0.0253
175◦C/1 hour 0.1230± 0.005 −0.4153± 0.0230

∗See(ϕ) andSee(ε) are the standard errors of estimate for the parameters
ϕ andε, respectively, which are obtained from the least-squares best-fit
procedure.

ϕ andε (Equation 3) are significantly different for the
two curing conditions. To test for the statistical signif-
icance of the differences in the parametersϕ andε, we
considered the standard error of estimate,See, for each
of the two constants, whereSee was determined from
the least-squares analysis of the crack spacing data [12,
13] (Table I). The prefactors (ϕ175= 0.1230± 0.005
andϕ150= 0.1224± 0.006 for the 175◦C and 150◦C
cures, respectively) differed by only 0.0006, which is
about 0.1See(ϕ), whereSee(ϕ) is the standard error of
estimate for the least-squares fittedϕ values. This small
difference in theϕ values, compared toSee(ϕ) indicates
that the coefficientsϕ175 andϕ150 are not significantly
different for the 150◦C and the 175◦C data.

However, theε values (ε175=−0.4153± 0.0230
and ε150=−0.4981± 0.0253 for the 175◦C and
150◦C cures, respectively) are apparently differ-
ent, since the difference in the exponent values,
(ε175− ε150)≈ 4See(ε), whereSee(ε) is the least-squares
determined standard error of estimate forε. Although
theε values apparently vary as a function of curing con-
ditions, it is still to be determined whether theε values
are a function of the coating/interface chemistry as well
as a function of the curing temperature.

For thin, brittle films on ductile substrates, it has
been observed that the nature of the coating cracking
and debonding is a function of the interfacial bond-
ing between substrate and film [14, 15]. For example,
in a study of the cracking of brittle coatings on ductile
fibers, Nahta and Moran [14] note competing processes
between periodic cracking in the coating and debond-
ing of the coating. A similar process involving the en-
ergy balance between debonding (spalling) and coating
cracking [14] may be linked to the cracking of the silica
coatings included in this study.

The apparent differences in adhesion between the
silica coating and the BMI substrate as a function of
curing temperature is possibly related to the curing of
the SilicaFilmTM. The vendor’s product literature for
SilicaFilmTM [16] (Emulsitone Company, Whippany,
New Jersey) compares the properties of the cured
SilicaFilmTM coatings with the physical properties of
a “thermal oxide” (a silica layer formed when sili-
con is heated in air). According to the vendor [16],
a SilicaFilmTM coating cured at 200◦C etches in dilute
HF about 1000 times faster than a thermal oxide. How-
ever, when cured at 900◦C, the SilicaFilmTM coating
etches in dilute HF only about three times faster than a
thermal oxide, indicating a much higher chemical sta-
bility against acid attack for the coating cured at 900◦C.
In addition, the vendor states the SilicaFilmTM coatings
cured at 800◦C are about as scratch resistant as the ther-
mal oxides, while as the curing temperature decreases,
the scratch resistance of the SilicaFilmTM decreases. Of
course, for the silica coatings applied in this study (all of
which were fabricated from the SilicaFilmTM), the cur-
ing temperature for the coating was intentionally kept
well below the glass transition temperature (300◦C) for
the BMI substrate, thus the curing of the coatings was
performed in the temperature range of 150◦C–175◦C.
Therefore, the curing temperature restriction for the
SilicaFilmTM imposed by the BMI substrates meant that
the optimum chemical resistance and scratch resistance
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of the SilicaFilmTM could not be realized and that the
properties of the SilicaFilmTM likely changed for the
range of curing temperatures (150◦C to 175◦C) used
in this experiment, since the properties of the cured
films continue to change to up curing temperatures of
800◦C–900◦C [16]. Nevertheless, the silica films on the
BMI substrates included in this study were remarkably
durable, especially following the 175◦C cure.

To directly determine the mechanical properties such
as the elastic modulus or fracture strength of the sil-
ica films as a function of the curing temperature, one
could fabricate thin film membranes of the silica film
for nanoindentation testing. However, such testing is
not straightforward. For thin films, if the central deflec-
tion of the film (or plate) exceeds about one-half the
film thickness, then classical plate theory no longer ap-
plies and a non-linear thin plate deflection theory must
be used [17, 18]. (For small deflections, one can ignore
the slope of the surface to obtain linearized or classical
plate theory [17], but for the large deflections, the slope
of the loaded film surface can no longer be ignored and
classical or linearized plate theory fails [17]).

Nanoindentation techniques employing nonlinear
thin plate theory [17, 18] have been applied to deter-
mine the elastic modulus and fracture strength of a vari-
ety of thin, brittle membranes [18–21], including SiNX
[20] and polycrystalline diamond [21] films with thick-
nesses as small as one to two microns, which are at
least comparable to the 0.2 micron thickness of the sil-
ica films used in this study. Thus, if one could fabricate
thin membranes from the SilicaFilmTM coatings, one
might be able to directly determine mechanical property
changes in the coatings as a function of the curing tem-
perature, but a great deal of care would need to be taken
in the fabrication, testing, and interpretation of the data
[17–21]. Thus, the physical and chemical properties
of the silica coatings produced from the SilicaFilmTM

may change as a function of the curing temperatures
used in this experiment (150◦C and 175◦C), but a more
complete elucidation of this point is a topic for future
research.

3.4. Scatter in crack spacing for abraded
coatings versus unabraded coatings

The F-test was used to compare the standard devia-
tions of the crack spacing data for the abraded and the
unabraded silica-coated BMI, where both the abraded
and unabraded coatings were indented at loads of 9.8 N
and 49 N. (The F-test compares the standard devia-
tions of two data sets, such that if the F-test param-
eter p< 0.05, then the difference in standard devi-
ations or scatter of the two data sets is said to be
statistically significant [13].) The F-test comparisons
for the abraded/unabraded coatings yieldedp val-
ues of 0.046 for the indentations made at 9.8 N and
9.97× 10−6 for the indentations made at 49 N. The
low pvalues (4.6× 10−2 and 9.97× 10−6) indicate that
there is in fact a statistically significant difference be-
tween the standard deviations,σP, for the spacings in
the unabraded coatings (σ9.8= 1.9 µm, σ49= 1.9µm)
compared to the standard deviation values for the
abraded coatings (σ9.8= 1.2µm, σ49= 1.0µm).

Thus, while the abrasion did not significantly alter
the mean crack spacing (as discussed in Section 3.3),
coating abrasion prior to indentation reduced the scatter
of the crack spacing data, as indicated by the statisti-
cally significant decrease in the scatter (standard de-
viation values) of the crack spacing data for abraded
versus unabraded coatings. These results are analo-
gous with the strength testing of abraded glasses, in
which the scatter in the fracture strength may be re-
duced by abrasion since the initially random flaw pop-
ulation is replaced by a “controlled” flaw population
[22]. The fact that there was no statistically signifi-
cance change in scatter in the crack spacing data for
modest changes in the applied load is also analogous to
the result for strength testing of glass, where the scatter
in the strength data is a relatively weak function of the
applied load [22].

3.5. Changes in crack field dimensions
as a function of abrasion

For a fixed Vickers indentation load,〈a〉, the mean
of half-diagonal lengths of the diamond-shaped crack
regions was a factor of about 1.15 times larger for
the abraded coatings than for the unabraded coat-
ings. For the unabraded coatings indented at 9.8 N,
〈a〉=116.6 microns, while for the abraded coat-
ings 〈a〉=135.8 microns, with standard deviations of
1.6 microns and 1.7 microns, respectively. Similarly,
for the coatings indented at 49 N,〈a〉=260.1 microns
for the unabraded coatings and〈a〉=288.6 microns
for the abraded coatings, with standard deviations of
2.9 microns and 2.0 microns, respectively.

For both the 9.8 N and 49 N loads, the unabraded
and abraded〈a〉 values are separated by about 10 stan-
dard deviations, thus clearly〈a〉 increased with abra-
sion. The increase in〈a〉 is presumably due to the abra-
sion process introducing a flaw population of greater
length than the initial flaw population, leading to coat-
ing fracture at a greater distance from the indent center.

4. Summary and conclusions
The area spalling fraction,fS, and the mean crack spac-
ing, µ, were the two measures of integrated coating
damage selected in this study to characterize the re-
sults of the Vickers and Hertzian loading of thin silica
coatings adhered to BMI substrates. This study shows
that both fS andµ can be quite sensitive to the coating
curing temperature. For example, curing the silica coat-
ings 175◦C for one hour reduced the fractional spalling
area,fS, from 0.14 to 0.25 (for coatings cured at 150◦C
for 20 minutes) to between 0.02 to 0.05 for coatings
cured at 175◦C for one hour (Fig. 4). A future “fine
tuning” of the curing temperature and curing time may
further reduce and optimize the value offS. Reducing
fS is of course of critical importance for silica or other
brittle coatings that may be used to protect the BMI
substrates from erosion or fluid ingress.

Within a given indentation crack field, the cracks
were approximately evenly (uniformly) spaced, for
both Vickers and Hertzian indentations. However, the
crack spacing was subject to change depending on (1)
curing conditions and (2) indentation load. For coatings
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cured at 150◦C for 20 minutes, the mean spacing was a
very weak function of the indentation load and inden-
ter shape. In contrast, the mean crack spacing increased
with indentation load for the unabraded coatings cured
at 175◦C for one hour (Fig. 8). However, for both sets
of Vickers indentations (coatings cured at 175◦C and
coatings cured at 150◦C) the normalized mean crack
spacings,µ/a, were described very well by an empiri-
cal power law dependence on load such thatµ/a=ϕPε

(Equation 3). The prefactorϕ was essentially the same
for the two curing conditions (175◦C and 150◦C) while
the exponentε was slightly different for the two curing
conditions (Fig. 9).

In the future, the effect of different curing conditions
on both the spalling area fraction,fS, and the exponent,
ε, in Equation 3, should be investigated further. The
authors and co-workers have begun Fourier Transform
Infrared studies to help understand the nature of the
coating/substrate chemistry and to relate that chemistry
to the cracking and spalling behavior.
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