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The very nature of continuous fiber composite materials, with their heterogeneous
structure of layered and interwoven fibers bound together by a polymer resin matrix, lead to an
inevitable variability in mechanical properties. This is especially true if the fabrication process is
not well controlled. Unlike fabricating components with metals, where the properties of the
material are known beforehand, the final properties of the composite material are determined
during the process of fabricating the composite part. The research described herein was
undertaken to better enable the use of polymer matrix composites in the marine construction
industry by developing a knowledge base on the inter-relationships between process parameters
and system material properties.
Professionals from the marine composite fabrication industry were consulted to obtain
insight into the process parameters of concern for today’s composite materials and manufacturing
methods. The survey of industrial marine designers and fabricators was intended to identify
potential sources of variability and to characterize processing issues. A set of composite
constituent materials, vinyl-ester resin and woven roving fiber reinforcement, and a single
processing method, vacuum assisted resin transfer molding (VARTM), were selected for further

investigation based on this industry survey. In addition to the survey, a thorough literature review
was conducted to identify current research areas for VARTM processing of composite laminates.
A manufacturing round-robin study was conducted amongst marine composite fabricators
to establish the extent of material property variability. The methodology employed for the
experimental material characterization included the use of three-dimensional digital image
correlation (DIC) methods to measure the full-field strain in the test specimens. The DIC method
was chosen over conventional foil strain gage techniques since it can better capture, and account
for, the large strain gradients that are present in composite specimens fabricated with woven
roving fabrics typically found in marine grade composites. The statistical analysis of the test
results was performed to characterize the variability in material properties in accordance with the
guidelines set forth in Composite Materials Handbook-17, which is the composite industry’s
standard for testing and analysis of laminated composite materials. A methodology was
developed based on these guidelines and employed throughout the different studies conducted.
A laboratory study of resin, fiber and manufacturing effects was designed to capture the
relationship between the processing parameters and the final material properties of the composite
laminates. The parameters and test methods used in this study were selected based on the results
of the industry survey and the round-robin study.
This integrated research will contribute to advance scientific understanding on the interrelationships between process parameters and mechanical property variability of marine
composite materials. The broad impact of the research is to enable the development of rational
composites fabrication methods and reliable engineering design procedures.
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CHAPTER 1
EXECUTIVE SUMMARY

1.1

Introduction
Despite advances in the Vacuum-Assisted Resin Transfer Molding (VARTM)

manufacturing process, questions remain regarding the consistency of material properties
in large, fiber-reinforced polymer (FRP) composite parts. The marine industry is an area
where the VARTM process is used extensively. The common method of implementing
the VARTM process in the marine industry involves one-sided hard tooling and a pliable
vacuum bag. This process is favored since it is a relatively inexpensive method to
fabricate large parts using room-temperature cure resin systems. However, the very
nature of the process, using vacuum pressure to consolidate the fiber-preform and then
using that same pressure differential as the means to draw the resin into the part, can lead
to many process variations. In addition, the size, shape, and thickness of the part, will
determine the flow media configuration, inlet hose spacing, and resin catalyzing recipe
formulation that a fabricator will use depending on their prior experience with similar
parts and the particular resin system. With a large number of process variables controlled
by the fabricator, the question remains as to the effect of these process variations on the
quality and consistency of the structural properties of the resulting parts.
This research was undertaken with the intent to determine some of the
manufacturing effects on variability in material properties of marine grade composite
laminates. “Marine grade” referring to the heavy tow fabrics that are normally employed
when fabricating large parts with thick laminates in the marine industry. The heavy
fabrics facilitate a more rapid build up of laminate thickness during the lay-up process
1

and tend to be more resilient in the types of environments that the final parts will be
exposed to during their lifetime in the marine environment.
This work is part of a larger project sponsored by the Office of Naval Research to
investigate the causes of variability in material properties of E-glass/vinyl-ester marine
grade composites. The sources of variability being investigated in the larger project
include those due to manufacturing, post processing, and testing of composites. While
this portion of the research is focused on variability due to manufacturing, the results
from the prior phases on post-curing [1] and test method variability [2] were
implemented in this portion of the study.
1.2

Experimental and Analytical Procedures
This portion of the research, which was focused on manufacturing variability, was

broken up into two distinct phases; A Round-Robin Study and a Laboratory Study. The
Round-Robin Study was intended to investigate the variability in material properties
encountered when different manufacturers fabricate identical composite parts with
identical base materials, while the Laboratory Study investigated the effects of various
manufacturing variables during the fabrication of composite laminates under controlled
conditions.
A single fiber reinforcement and resin system were used throughout this entire
study. A single fiber/resin system eliminates variations due to fiber architectures that may
overshadow variations due to manufacturing and testing. The fiber reinforcement used
was a Saint Gobain Vetrotex 324 woven roving with a weight per unit area of 814 g/m2
(24 oz/yd2). It is a plain weave fabric with a tow spacing of 5.1 mm (5 tows per inch) in
the warp direction, and 6.4 mm (4 tows per inch) in the fill direction. The polymer resin
2

used was Ashland Derakane 8084, which is an elastomer-modified epoxy vinyl-ester
resin. This system was selected since both the fabric and resin display the level of
properties that would typically be implemented in marine construction using a VARTM
process. All the panels fabricated for this study were post-cured on-site at 82ºC (180ºF)
for a period of 4 hours, which had been shown to be sufficient in an earlier phase of the
study [1].
All of the material coupon testing was conducted at the Advanced Structures and
Composites Center, at the University of Maine in Orono, Maine using servo-hydraulic
load frames equipped with side-loading hydraulic grips, and located in an
environmentally controlled test lab in an environment of 23 ± 2°C and 50 ± 5% relative
humidity.
A three-dimensional digital image correlation (3-D DIC) system was
implemented throughout this research. The DIC method provides full-field strain and
position data over the entire visible imaging area of the test specimen. It has been used
for determining material properties in many studies [3-7] and has shown that it is a useful
method for measuring properties at multiple scales [6] and under conditions that preclude
more conventional techniques [7]. This is especially advantageous when testing heavy
woven fabric composites where conventional foil strain gage size and placement can
influence test results due to strain variations on the specimen [8]. The variations are a
result of the strain gradients present on the surface of the specimen due to the size of the
fiber tows and the alternating nature of the woven warp and fill tow orientations. As a
non-contact technique, it allows for simplified experimental test setup and provides
reduced specimen preparation time and reduced time between tests. Additionally, the
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image acquisition process permits test review and post-processing long after the time of
testing which enables additional analysis to be conducted on the same test specimens at a
later date in time. The non-contact nature of the method is also advantageous for
displacement measurements in space-limited test configurations.
The statistical analysis methods outlined in the Composite Materials Handbook
(MIL-HDBK-17F-1) for single point data were used to analyze the material property test
results in this research [9]. Specifically, the STAT17F Excel workbook, which executes
most of the statistical methods outlined in Section 8 of MIL-HDBK-17F-1, was used to
generate the results. While STAT17F computes the statistics for different population
distributions, the latest update of MIL-HDBK-17-1 states that a normal distribution is the
preferred distribution to assign when computing material properties. Therefore, only the
results for a normal distribution were used when comparing material property data. After
verifying the normality of the dataset distributions using the Anderson-Darling method,
the mean and coefficient of variation (CV) were computed for each material property
investigated. As a means of determining if the results from each material property dataset
were statistically discernible for the different consolidation parameters investigated, the
k-sample Anderson-Darling (ADK) method was employed. If the calculated ADK value
for the dataset is less than the critical ADK value, then one can conclude with a 2.5
percent risk of being in error, that the groups were drawn from the same population.
1.3

Dissertation Format
The format of the Dissertation is such that each of the chapters are self contained

units, where each chapter has either been published in a peer reviewed journal, a
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conference proceedings, or is somewhere in the process of publication (submission or
under revision). The organization of the chapters is as follows:
 Chapters 1-3 Investigations Related to the Round-Robin Study
 Chapters 4-6 Three Phases of the Laboratory Study
 Chapters 7-8 Digital Image Correlation Implementations
1.4

Round-Robin Study
The Round-Robin Study was intended to investigate the variability in material

properties encountered when different manufacturers fabricate identical composite parts
with identical base materials. The work conducted during the Round-Robin study resulted
in three papers: The first on the overall results of the Round-Robin [10]; the second on
the effect of styrene content on material properties [11]; and the third one on the ability of
the DIC system to reduce variability during testing [12].
1.4.1

Round-Robin Study Results (Chapter 2)
The objective of the Round-Robin study was to determine the extent of variability

in material properties that could be encountered when different manufacturers were used
to fabricate identical composite parts. The manufacturers were instructed to use a
specific fabric, resin and fiber lay-up when fabricating the laminates. The five
manufacturers that participated in this study either had US naval, or commercial marine,
composite fabrication experience. The manufacturers were instructed to fabricate a given
number of flat panels for structural and coupon testing using the typical VARTM process.
Standardized material property tests were conducted on coupon specimens from each of
panels for constituent volume (ASTM D2584), tension (ASTM D3039), compression
(ASTM D6641), in-plane shear (ASTM D4255), and flexure (ASTM D7264).
5

A methodology to quantify the variability of mechanical properties of marine
grade composites fabricated by the VARTM process was developed during the study. A
procedure for statistical representations of strength and elastic properties, as
recommended in MIL-HDBK-17F-1, was implemented as a means to compare the
different datasets.
The recommended normalization procedure employed to account for variations in
fiber volume fraction for the tension and compression results seemed to work for tension,
but had a lesser effect on the compression results when faced with a significant volume
fraction difference for one of the individual manufacturer’s datasets. This resulted in
statistically significant differences in some of the strength and elastic properties for
individual panels.
The combined manufacturer dataset results indicated that compression exhibited
the most variability in both strength and modulus, while the flexural strength and tensile
modulus had the least amount of variability. The variability in compression properties are
attributed to the inherent imperfections due to the waviness of the woven fabric
reinforcement. Further research would need to be conducted to determine ways to
minimize this effect during manufacturing.
1.4.2

Effect of Styrene Content (Chapter 3)
During the Round-Robin study it was decided that in addition to the five sets of

panels produced by outside manufacturers, two sets of panels would be fabricated inhouse and tested alongside the other manufacturers. This lead to a side study on the effect
of Styrene content on material properties
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E-glass/vinyl-ester composite laminate panels were fabricated using two different
resin formulations to investigate the effects of styrene content on material properties. The
first resin formulation was “as received” containing 40wt% styrene, and the second
formulation was diluted with an additional 5wt% styrene monomer, for a total of 45wt%
styrene. The increase of styrene content reduced the wet-out time of the fiber preforms
by 22-29% on average compared to the infusions with the base resin formulation, which
was one of the objectives of diluting the resin; however, it also reduced the resin gel time
by 6-15%.
As in the Round-Robin Study, material test coupons were cut from each of the
four panels, two from each resin formulation. Material testing was comprised of ASTM
test standards for constituent volume content, tension, compression, in-plane shear, and
four-point flexure with 1/4-point loading.
The increase in styrene content reduced the mean value for the majority of the
strength and modulus properties for the tension, compression and shear tests. The tensile
results produced statistically discernible decreases of 14% for strength in the y-direction
and 1.8% for modulus in the x-direction for the increased styrene formulation. The
compression strength in the y-direction also proved to be statistically significant with a
5% decrease for the elevated styrene content resin formulation. The shear properties in
the x and y-directions did not produce any statistically significant results.
The flexural tests produced the only results that indicated an increase in properties
for the specimens with the increased styrene formulation. The mean modulus in the xdirection increased by 4% with increased styrene content and was shown to be
statistically significant.
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Based on the material property variations with increased styrene content for the
Derakane 8084 resin observed in this study, it would be prudent to thoroughly investigate
the effects of further dilutions prior to implementing such a formulation during an
infusion.
1.4.3

Full-field Strain Measurements for Determining Flexural Properties
(Chapter 4)
A 3-D DIC strain measurement system was implemented in an experimental

program for characterizing the flexural properties of polymer matrix composites (PMC)
with woven-roving reinforcement with the intent of reducing the variability of the results.
One camera was used in a 2-D mode, to monitor mid-span deflection and in-plane strains,
and the other two were used as a pair, in 3-D mode, to record full-field strains on the top
surface of the specimen.
The strains measured by the DIC system were compared with the strain level
computed by the beam equations in the ASTM flexural standard. The mean ASTM strain
value was 15.7% larger than the mean DIC strain value, while the CV was a 1.5
percentage points higher for the ASTM value. The assumption of beam theory in the
ASTM standard, which does not account for shear deflections, coupled with the strain
gradients present on the woven roving composites is the reason for the difference.
In addition to reducing the variability of the results, the DIC system’s post
processing capabilities allowed each test to be reviewed as a means to inspect the
formation of the strain field and to observe the nature of the progressive failure of the
flexural test specimens.
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1.5

Laboratory Study
The VARTM process has been investigated in several studies over the past 15

years [13-18]. The parameters that have been shown to have the greatest effect on
composite mechanical properties include fiber preform consolidation, resin chemistry and
curing, fiber sizing, interphase formation, and post-cure. Some of these effects were
investigated during three separate phases of the laboratory study.
 Effect of Fiber Preform Consolidation (Chapter 5) [19]
 Effect of Resin Catalyzing Recipe and Ambient Temperature (Chapter 6) [20]
 Effect of Fiber Preform Conditioning (Chapter 7) [21]
The parameters from each phase that produced the least amount of variability in
test results were then carried through to the next phase to minimize variability due to
those manufacturing variables.
An infusion pressure control system was implemented during the fabrication of
the composite panels in this portion of the research. This allowed for precise control of
infusion pressure used during the infusion process, and monitoring of infusion pressure,
resin temperature and ambient conditions through a data acquisition system.
To reduce variability due to fabricating different sized panels, a common panel
size was fabricated during all three phases of the Laboratory Study. The FRP panel
dimensions were 610 mm x 965 mm (24 x 38 in.) and consisted of ten layers of fabric
reinforcement in a warps-parallel configuration, for a nominal thickness of 6.4 mm (0.25
in.). It is worth noting that the panel size allowed for a complete second set of specimens
to be obtained from the panel if there were problems during specimen preparation or
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testing of the original set. This reduced the variability that may occur during
manufacturing by eliminating the need to re-fabricate panels.
Cracks in the form of delaminations and disbonds are the most common defects
found in composite structures [22]. As a result, Mode-I fracture tests were implemented
during the laboratory study. The Mode-I fracture toughness properties computed in this
study were the visual onset fracture toughness, the nonlinear onset fracture toughness,
and the propagation fracture toughness.
1.5.1

Effect of Fiber Preform Consolidation (Chapter 5)
The objective of the study was to determine how preform consolidation routines

commonly used during laminate fabrication affect the Mode-I fracture toughness of
marine grade polymer composites.
The range of infusion pressures and consolidation times were chosen based on
discussions with industry fabricators and personnel from the Naval Surface Warfare
Center - Carderock Division (NSWC-CD), and were intended to encompass the range of
pressures and times encountered when fabricating marine composite laminates of varying
degrees of complexity. The fabrication matrix that includes the range of consolidation
variables used during this phase of the study is presented in Table 1.1.

Table 1.1. Panel Fabrication Matrix.
Consolidation
Pressure (gage)

Panel Replicates for each
Consolidation Time Period

bar (in‐Hg)

1 hour

2 hours

5 hours

0.847 (25.0)
0.914 (27.0)
0.982 (29.0)

3
3
3

3
3
3

3
3
3
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Standardized material property tests were conducted for Mode-I fracture,
constituent volume fraction, and Barcol hardness on specimens from each of the three
replicate laminates fabricated for each condition. The Mode-I fracture test was selected
for this study since it was the material property of primary interest, and the constituent
volume fraction test was selected since it is a good indicator of the effects of the
consolidation of the preform. In addition, Barcol hardness measurements were made on
resin samples prior to, and after, post-curing of the specimens as a means to verify the
consistency of the post-cure process on the resin in the specimens.
The results indicated that longer consolidation times produced statistically
discernible variations in the mean fiber volume fraction of the panels fabricated at the
two lower consolidation pressures. Likewise, the variation in consolidation pressure
produced discernible effects on the mean fiber volume fraction of the panels fabricated
with the shortest consolidation time, but not on the panels fabricated with the two longer
consolidation times.
There was no correlation found between the global fiber volume fraction of the
panels and the three fracture properties (visual onset, nonlinear onset, and propagation)
computed in this study. This is similar to what other studies have found where fracture
toughness was sensitive to the localized fiber volume fraction in the region of the crack
tip and not to the global volume fraction of the specimen [23].
Barcol hardness of the resin from all of the datasets equilibrated to a similar
magnitude after post-curing; therefore it is safe to conclude that the material state of the
resin should not have played a role in the variation of the fracture toughness properties,
and no correlation between the two was observed.
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For the Mode-I fracture results, grouping the datasets by consolidation time
produced more statistically discernible results than grouping by consolidation pressure.
The general trend at the lower consolidation pressures was that shorter consolidation
times produced the maximum onset fracture toughness values but minimum propagation
toughness values, while longer consolidation times produced the minimum onset fracture
toughness values but maximum propagation fracture toughness properties. Further study
is recommended to investigate the inverse trend between the onset and propagation
fracture toughness properties.
1.5.2

Effect of Resin Catalyzing Recipe and Ambient Temperature (Chapter 6)
The objective of this portion of the laboratory study was to investigate composite

material property variations due to variations of resin catalyzing recipe at ambient
temperatures commonly encountered when infusing polymer composites for the marine
industry.
Laminates were fabricated under three ambient temperature conditions, 15.6,
21.1, and 26.7ºC (60, 70, and 80ºF), and using three different gel times (1.0, 2.5 and 6.0
hours). The range of ambient temperatures and gel times were chosen based on
discussions with industry fabricators and personnel from NSWC-CD. These ranges were
intended to encompass the range of temperatures and gel times commonly encountered
when fabricating marine composite laminates of varying degrees of complexity.
Standardized material property tests were conducted for compression, Mode-I fracture,
fiber volume fraction, and Barcol hardness on specimens from each of the three replicate
laminates fabricated for each condition.
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The Barcol hardness results showed a variation in mean hardness of 7.2% from
maximum to minimum value, which is almost three times larger than the values obtained
during the preform consolidation phase of the study where a single resin recipe was used.
This could indicate that some variation due to catalyzing recipe was present even after
post curing of the specimens. The compression tests produced statistically discernible
strength results for a couple of the dataset comparisons, but no consistent trends in the
data were identified.
The Mode-I results produced overall trends in the visual onset fracture property,
with respect to gel time and ambient temperature, that were shown to be statistically
discernible differences. The ambient temperature dataset groupings produced an overall
trend where higher ambient temperatures resulted in larger visual onset fracture
toughness values; however, the trend was not consistent across all gel times.
Additionally, there were statistically discernible differences for both the NL onset and
propagation fracture toughness properties that could not be directly correlated with the
parameters in the study.
While there were not many direct correlations identified between the measured
material properties and the parameters investigated in this part of the study, there were
several statistically discernible differences in the measured properties. These differences
could not be discarded as random, since they were generally consistent among the three
replicate panels fabricated for each combination of ambient temperature and gel time.
Further study is required to identify the source of these differences.
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1.5.3

Effect of Fiber Preform Conditioning (Chapter 7)
Woven roving E-glass fabric was conditioned at two different environments prior

to fabricating e-glass/vinyl-ester composite laminates to investigate possible mechanical
property variations due to fabric sizing degradation. The first environment was a control
at 21°C (70°F) and 50% relative humidity and the second was at 32°C (90°F) and 80%
relative humidity. The elevated temperature and humidity conditioning was meant to
simulate what could occur to the fabric during the lay-up of a large part where the fabric
could be exposed to the ambient environment for an extended period of time prior to
infusion.
Standardized testing for fiber volume fraction, compression, Mode-I fracture, and
Barcol hardness were performed on test specimens from each of the three replicate
composite panels fabricated for both of the environmental conditions.
Barcol hardness exhibited the most variability both within and between the
conditioning datasets; however, this is typical for this type of test on thermoset polymers.
Fiber volume fraction magnitudes and spatial distributions were consistent with the prior
phases of this research.
The magnitudes of the mean values and CV for the compression and Mode-I
property tests were consistent with the prior phases of this research and indicated no
statistical variation between fabric conditioning datasets.
The results of the testing indicate that the elevated temperature and humidity
conditioning had negligible effect on the material properties investigated in this study.
Since research by other investigators has shown a degradation of sizings due to
environmental conditioning, longer durations of conditioning should be investigated in
the future.
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1.6

Digital Image Correlation Implementations
The 3-D DIC system proved to be an invaluable tool during its implementation

throughout the different phases of the study. Aside from its intended use to measure
strains and/or deflections during a given test, the added ability to completely visualize
what is occurring to the specimen during a test and review this information at a later date
provided insight for further study. Two such studies are included here:
 Variability in Flexural Response of FRP Composites (Chapter 8)
 Simultaneous Measurement of Flexural and Shear Moduli (Chapter 9)
1.6.1

Variability in Flexural Response of FRP Composites (Chapter 8)
A flexure study was conducted intended to investigate the variability in flexural

strength, flexural modulus, stress distribution, failure type, and failure location due to
selection of load-head size.
The test panels consisted of 40 layers of fabric reinforcement with the warp
direction alternating (from 0 to 90 degrees) from layer to layer, for a nominal thickness of
25.4 mm (1.0 in.). The test specimens were cut from the panels to a nominal dimension of
38.1 mm (1.5 in.) wide by 610 mm (24 in.) long, using a wet saw with a diamond coated
blade. A 4-point flexural test configuration, with quarter-point loading, was used for this
investigation with a specimen span-to-thickness ratio of 22-to-1 used for all tests. A 3-D
DIC system was used to record the mid-span deflection and the full-field strain
distribution during each test.
Six different load-head configurations were investigated during this study.
Specifically, 12.7 mm (0.5 in.), 25.4 mm (1.0 in.), and 50.8 mm (2.0 in.) diameter loadheads, with and without tabbing material, were investigated.
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The majority of the specimens failed in compression of the top surface followed
by a delamination, with the remaining specimens failing in compression either near the
center of the beam, or at the load-head.
A load-head size of 50.8 mm (2.0 in.), without tabbing material, resulted in the
highest mean and lowest CV for the flexural strength, for the six test configurations
investigated. The tabbing material helped reduce the surface damage to the specimens,
but showed less benefit at reducing failures near the load-heads for the larger diameter
load-heads.
The DIC system was successful at recording the mid-span deflections and
photographically documenting the tests. The system also gave a detailed visualization of,
and quantified, the stress distribution through the thickness of the specimen.
1.6.2

Simultaneous Measurement of Flexural and Shear Moduli (Chapter 9)
A 3-D DIC system was implemented with an analytical optimization routine to

measure the flexural (E) and shear moduli (G) during flexure testing of FRP composite
laminate beams. The 3-D DIC system recorded the deflected shape at the neutral axis of
composite beams during four-point flexural testing at span-to-thickness ratios of 8, 12,
16, and 24-to-1. A MatLab optimization routine was used to curve-fit the first order shear
deformation theory (FSDT) analytical equations, over the half-span of the beam, to the
experimental deflection and slope data from the neutral axis of the beam.
The majority of the span-to-thickness ratios investigated produced reasonable
results for G for 50% of the specimens in the dataset. The slope-optimization produced
less variability and more realistic results for E and G when compared to the deflectionoptimization for the range of span-to-thickness ratios investigated in this study. The
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slope-optimization is thought to be more sensitive at discerning the magnitude of G due
to the sharp discontinuity in the FSDT analytical slope equation at the load points.
The asymmetry of the deflected shape of the neutral axis about the mid-span of
the beam is thought to be the main reason for the variability in the results and the
inability of the optimization routine to detect shear deflections in approximately 50% of
the datasets analyzed.
1.7

Conclusions
The level of variation in material properties that was observed in the round-robin

study was not observed for the same properties in the laboratory studies or in the study
with added styrene content, which was conducted in-house and parallel to the roundrobin study. The lack of significant variation of basic properties in the lab studies would
indicate that quality control plays a greater role in property variation than the range of
parameters that was investigated when measuring basic properties (compression, tension,
shear, and flexure). The other conclusion is that the variation in properties in the roundrobin study could be due to factors that were not captured in the laboratory studies. The
most obvious of which would be a difference in resin or fiber properties due to lot
variations, which was not investigated in the laboratory study.
Aside from the general quality control issues, a general observation was that
lower resin viscosities simplified the infusions through a reduced infusion time and
produced less special variation in properties. The reduced viscosity produced a faster and
more thorough wet-out of the fiber preform, thereby reducing gradients in fiber volume
fraction. Elevation of the ambient temperature, or the mold temperature, is the best way
to accomplish this since resin dilution can result in a reduction of material properties.
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The applicability of some of the laboratory study findings to other fiber/resin
systems is difficult to determine. The results of the consolidation research study should
transfer to other fiber systems, while the resin/temperature and preform conditioning
studies results could be highly specific to the type of resin and/or fiber sizing. Further
investigation would need to be conducted to determine these interactions.
The implementation of the DIC system with composite materials testing not only
provides a method of determining bulk material properties (strength and modulus) and
reducing property variability, but also a means of verifying analytical models for
composite mechanics research. This is a research area that the author will continue to
investigate for the foreseeable future.
The run-arrest response during Mode-I testing of woven roving composites makes
it difficult to properly measure fracture toughness. Ways to reduce this effect should be
investigated further if repeatable fracture properties are to be obtained for this material
system. In addition to the issues with run-arrest behavior of Mode-I fracture test
specimens, the current version of the ASTM Mode-I fracture test standard is not
conducive to producing repeatable results for the onset fracture toughness properties.
Determining the onset toughness via visual means is simply unreliable, while the
nonlinear method as outlined in the standard does not provide any real guidance that
would lead to a repeatable procedure from one investigator to the next. At the time of this
writing, the Mode-I standard is currently undergoing revision by the ASTM D30
composites committee, and the author hopes to offer suggestions that will provide a better
defined analysis procedure for the nonlinear onset fracture property. The suggestions will
be based on work that was conducted during a different phase of the ONR project [24],
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and was the method employed to compute the nonlinear onset fracture toughness during
all phases of the research presented in this dissertation.
1.8

Recommendations
The following recommendations are based on the findings of the research

conducted during this study:
 More so than the other properties investigated, compression properties are
reduced due to fiber waviness in woven roving composites. Further research
would need to be conducted to determine ways to minimize this effect during
VARTM manufacturing with woven rovings.
 A thorough investigation should be conducted prior to the addition of diluents
to a base resin, since this research showed that additions as small as 5wt%
styrene monomer can reduce laminate properties by as much as 14%.
 The Mode-I fracture toughness issues outlined in the conclusions need to be
addressed if the Mode-I property is to be measured consistently.
 Further study is recommended to investigate the inverse trend between the
Mode-I onset fracture and propagation fracture toughness properties and its
relation to fiber preform consolidation time and pressure.
 Further study is required to identify the source of the variation in material
properties outlined in the resin catalyzing recipe study (Chapter 6). A well
structured design of experiment (DOE) study is recommended. This would at
least be a start at identifying which resin catalyzing variables play the greatest
role in material property variation.
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 Research by other investigators has shown a degradation of fiber sizing due to
environmental conditioning; therefore, a more thorough study including longer
durations of environmental conditioning of fiber preforms should be
investigated in the future.
 The ability to consistently measure flexural and shear moduli simultaneously
during a flexure test would prove to be a useful test procedure. Further
investigations are recommended to resolve the shortcomings encountered in the
current study.
 A 3-D DIC system is an invaluable tool that should be implemented into any
research or industrial testing program at either the material coupon or structural
testing levels of composite materials. This is especially true for marine grade
composites where large surface strain gradients are present due to the woven
pattern of the heavy fiber tows (i.e. large unit-cell). The insights it provides are
innumerable and the benefits of such a tool can not be stressed enough.
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CHAPTER 2
VARIABILITY IN THE MATERIAL PROPERTIES OF POLYMER MATRIX
COMPOSITES FOR MARINE STRUCTURES

2.1

Abstract
The test results from a composite material round-robin manufacturing study are

presented. The objective of the study was to investigate material property variability
when different manufacturers were used to fabricate identical composite parts. The study
was part of an ongoing Office of Naval Research project to determine the causes of
material property variability of E-glass/vinyl-ester structural composites fabricated with a
VARTM process. The manufacturers that participated in the study consisted of five
industrial composite fabricators that either had experience with US Naval fabrication
projects, or possessed commercial marine fabrication experience. The materials specified
for the study were a 24oz woven-roving E-glass fabric and a rubber-toughened vinylester resin system. The tests performed included constituent volume, tension,
compression, in-plane shear, and flexure. The material coupon tests were performed on
5.1 mm (0.20 in.) thick cross-ply laminates in a warps-parallel lay-up. A 3-D digital
image correlation system was used to measure strain during testing to reduce the
variability often experienced when using conventional foil strain gauges on heavy woven
fabrics. The results of the testing indicated that compression properties had the most
variability in both strength and modulus, which was attributed to the waviness of the
fabric, while the flexural strength and tensile modulus had the least amount of variability.
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2.2

Introduction
Despite advances in the vacuum assisted resin transfer molding (VARTM)

manufacturing process, questions remain regarding the consistency of material properties
in large, fiber-reinforced polymer composite parts. The marine industry is an area where
the VARTM process is used extensively. The common method of implementing the
VARTM process in the fabrication of composites parts in the marine industry involves
one-sided hard tooling and a vacuum bag. The very nature of the this process, using
vacuum pressure to consolidate the fiber-preform and then using that same pressure
differential as the means to draw the resin into the part, can lead to many process
variations. In addition, the size, shape, and thickness of the part, will determine the flow
media configuration, inlet hose spacing, and resin catalyzing recipe formulation that a
fabricator will use depending on their prior experience with similar parts. With a large
number of process variables controlled by the fabricator, the question remains as to the
effect of these process variations on the quality and consistency of the structural
properties of the resulting parts. A round robin study was undertaken in an attempt to
investigate this variability.
The objective of the round robin study was to determine the extent of variability
in material properties that could be encountered when different manufacturers were used
to fabricate identical composite parts. The manufacturers were instructed to use a specific
fabric, resin and fiber lay-up when fabricating the laminates. The five manufacturers that
participated in this study either had US naval, or commercial marine, composite
fabrication experience. Each manufacturer was assigned a letter-code, A through E, in
order to track the test specimens during all phases of the testing. Aside from the primary
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author, no one involved in any phase of the testing was aware of which letter-code
corresponded to which manufacturer.
The round robin study is part of a larger project sponsored by the Office of Naval
Research to investigate the causes of variability in material properties of E-glass/vinylester marine grade composites. The sources of variability being investigated in the larger
project include those due to manufacturing, post processing, and testing of composites. A
prior phase of the study investigated the variability due to the use of specific test
standards on composites fabricated with heavy woven e-glass fabrics [1]. Specifically,
two different ASTM test standards were compared for each of the following material
properties: tension, compression, and shear. The results of that study were used to
determine the test methods used for the round robin study. In addition, flexure and
constituent volume tests were performed during the round robin.
2.3

Composite Material Evaluated
A marine grade fiber-reinforced polymer (FRP) composite reinforced with woven

roving was tested in this study. The FRP panels consisted of E-glass/vinyl-ester and were
fabricated using a VARTM process. The fiber reinforcement used was a Saint Gobain
Vetrotex 324 woven roving with a weight per unit area of 814 g/m2 (24 oz/yd2). The tow
spacing is 5.1 mm (5 tows per inch) in the warp direction, and 6.4 mm (4 tows per inch)
in the fill direction. This results in 55% of the fiber orientated in the warp direction and
45% in the fill direction. The polymer resin used was Ashland Derakane 8084, which is
an elastomer-modified epoxy vinyl-ester resin.
The manufacturers were instructed to fabricate a given number of flat panels for
structural testing using a common VARTM process that consisted of one-sided hard
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tooling and a pliable vacuum bag. The panel dimensions were 1.22 m x 1.22 m (4 ft x 4
ft) with nominal thicknesses of 12.7 mm (0.5 in.) and 25.4 mm (1.0 in.). In addition, they
were instructed to fabricate a 1.22 m x 1.22 m “witness panel” during each infusion
process of the structural panels, with a minimum of two witness panels required. The
purpose of the witness panels was to provide a thin laminate for material coupon testing
that was fabricated with the same materials and infusion variables as the structural panels
and should therefore be representative of the properties of the thicker structural panels.
The witness panels consisted of eight layers of fabric reinforcement with the warps
parallel, for a nominal thickness of 5.1 mm (0.20 in.). The lay-up notation is [08]f, where
the orientation indicates the warp direction of the fabric. Additional specifications that
were requested of the manufacturer included:
 No fabric overlaps within the panel
 The panels should NOT be post-cured.
 Provide promoter, accelerator and additive types and quantities used, unless
deemed proprietary.
 Manufacturers were provided with a device to monitor and log ambient
temperature and %RH. Manufacturers were asked to place the device in
proximity to the panel infusion location.
Shortly after arrival at the test lab, the 1.22 m x 1.22 m witness panels were postcured in a large oven at 82ºC (180ºF) for 4 hours. This temperature and duration had been
shown to be appropriate for this material system at this thickness in an earlier phase of
the study [2].
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2.4

Experimental Methods
The material property tests conducted during the round robin study included

constituent volume fraction, tension, compression, in-plane shear, and flexure. The
specific tests performed were the ASTM standards as listed below.
 Constituent Volume - ASTM D2584 [3]
 Tension - ASTM D3039 [4]
 Compression - ASTM D6641 [5]
 Shear - ASTM D4255 [6]
 Flexure - ASTM D7264 [7]
Eight specimens were cut from the two witness panels from each of the five
manufacturers for each test type and fiber orientation, where the warp and fill orientations
of the fabric correspond to the x and y-directions of the panels, respectively. This resulted
in a total of 80 specimens for each combination of test type and fiber orientation.
Specimens in the x and y-orientations were used for the tension, compression, and shear
tests, while specimens in the x-direction were used for the flexural tests. Eight specimens
were also cut from each panel for constituent volume testing. The position of the
specimens in the panel was distributed at eight locations to capture spatial variability of
properties due to location in the panel, as shown in Figure 2.1. CNC water-jet machining
was used to cut all of the specimens. In addition to expediting the specimen cutting
operation, the CNC water-jet method reduces the variability in specimen dimensions. As
an example, the coefficient of variation (CV) for specimen width of all the compression
specimens was within 0.40%.
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Constituent
Volume

Compression x
Flexure x

Tension y
Compression y
Tension x

Shear y

Shear x

Figure 2.1. Specimen distribution across the panel.
A 3-D Digital Image Correlation (DIC) system was used to record the full-field
strains on the test specimens during testing. The DIC system provides an advantage over
conventional strain gages as it allows a larger area of the specimen to be monitored
during testing. This is especially advantageous when testing heavy woven fabrics where
strain gage size and placement can influence test results due to strain variations on the
specimen [8-10]. The variations are a result of the strain gradients present on the surface
of the specimen due to the size of the fiber tows and the alternating nature of the woven
warp and fill tow orientations.
Prior to testing, all specimens were conditioned at 23 ± 2°C (73.4 ± 3.6°F) and 50
± 10% relative humidity for a minimum of 48 hours, as recommended in the ASTM
standards. Since the objective of the study was to determine the extent of material
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property variability encountered when different manufacturers were used to fabricate
identical laminates, and not to produce material design allowables, all of the testing was
conducted on specimens in a room-temperature dry condition. The production of material
design allowables would have required different batches of material to be fabricated and
then exposed to various environmental conditions to account for the exposure that the
laminates could encounter during their operational lifetime. For marine composites, these
conditions include temperature, moisture, and ultra-violet light exposure. While these
conditions have been shown to significantly reduce the material properties of similar
marine laminate materials [11-13], such an investigation was considered to be beyond the
scope of this study.
All specimens were examined prior to testing for visible defects due to
manufacturing or specimen preparation. In addition to inspecting the exterior of the
specimens for excessive fiber waviness or large thickness variations, the inspection
included backlighting of the specimens, which would reveal macroscopic inclusions and
voids produced during manufacturing, and delaminations produced during specimen
preparation. Any of the above defects could adversely affect the material properties [1,
14-16]; however, none were observed in any of the specimens. The dimensions of all
specimens were measured and recorded as outlined in the respective standards. All of the
specimen thickness variations were within acceptable limits as outlined by their
respective standards. The specimens were then prepared for the DIC measurement system
by applying a speckled grayscale pattern of paint to the area of the specimen that would
be observed during testing. A typical speckle pattern that was applied to a specimen is
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Figure 2.2. Typical speckle pattern on the face of a specimen.
presented in Figure 2.2. This pattern allows the DIC system to track each point of the
specimen in the gage area during testing.
All of the tests were conducted at the AEWC Advanced Structures and
Composites Center, at the University of Maine in Orono, Maine. The tension,
compression, shear, and flexure tests were performed on a 100 kN (22.5 kip) Instron load
frame equipped with side-loading hydraulic grips, and located in an environmentally
controlled test lab at an environment of 23 ± 2°C and 50 ± 5% relative humidity.
2.4.1

Constituent Volume Test
ASTM test standard D2584 was used to determine the constituent volume fraction

of the witness panel specimens. The specimen size used for the test was 19.0 mm x 76.2
mm (0.75 in. x 3.0 in.). The specimens were placed in a crucible in a muffle furnace at a
temperature of 565ºC for a period of 2.5 hours, which prior experience with this material
system had shown to be sufficient for complete resin removal. [1]
2.4.2

Tension Test
The results of the prior test evaluation phase of the project indicated that a larger

tensile specimen was required to properly capture the representative width of the 24 oz
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woven roving fabric [1]. In addition, a dog-bone shaped specimen was favored over a
tabbed rectangular specimen. An optimized dog-bone specimen, as shown in Figure 2.3,
was used for the tensile tests [17]. Aside from the larger dog-bone shaped specimen,
ASTM tensile test standard D3039 was used as a guideline for performing the tests.

Figure 2.3. Optimized dog-boned tensile test specimen.
A gripping force of 43.4 kN (9.75 kip) was applied to the grip area of the
specimen during testing. The specimens were tested in displacement control at a
crosshead rate of 0.30 mm/sec (0.012 in/sec) resulting in an average test time of
approximately 3 minutes. Load and crosshead displacement data were recorded at a
sampling rate of 10 Hz on the Instron control computer and at 1 Hz on the DIC system.
The 1 Hz sampling rate was chosen such that it reduced post-processing time on the DIC
system without compromising the resolution and accuracy of the results, as indicated by
the agreement within 0.50% between the DIC and Instron data acquisition systems.
2.4.3

Compression Test
The test evaluation study indicated that ASTM test standard D6641 was the

preferred method for compression testing of marine grade composites [1]. The test
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specimen size was 25.4 mm x 152.4 mm (1.0 in. x 6.0 in.). The length of 152.4 mm is
slightly longer than normal and was chosen to allow more area of the specimen to be
observed by the DIC system. This length was shown to allow the specimens to fail in
compression and still avoid buckling failures. A jig was fabricated and used to mount the
specimens into the compression test fixture, which helped minimize variations due to
specimen alignment in the fixture. The specimens were tested in displacement control at a
crosshead rate of 0.01 mm/sec (0.0004 in/sec). This resulted in an average test time of
approximately 5 minutes. A self-leveling compression platen was used on the stationary
crosshead to account for any misalignment during loading. Load and crosshead
displacement data were recorded at a sampling rate of 10 Hz on the Instron control
computer and at 1 Hz on the DIC system. The sampling rate was chosen to reduce postprocessing time on the DIC system without compromising the resolution and accuracy of
the results.
2.4.4

Shear Test
The test evaluation study indicated that Procedure B, Three-Rail Shear, of ASTM

test standard D4255 was the preferred method for in-plane shear testing of marine grade
composites [1]. The specimen size was 136.5 mm x 152.4 mm (5.38 in. x 6.0 in.).The
specimens were tested in displacement control at a crosshead rate of 0.015 mm/sec
(0.0006 in/sec), resulting in an average test time of approximately 7.5 minutes. Since this
test method does not produce a catastrophic failure of the specimen, the tests were
allowed to progress until the load reached approximately 85 kN. This ensured that the
load-displacement curve was fully developed and would permit the use of an offset
method to obtain the failure strength. Load and crosshead displacement data were
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recorded at a sampling rate of 10 Hz on the Instron control computer and at 0.67 Hz on
the DIC system. As before, the DIC sampling rate was chosen such that it reduced postprocessing time without compromising the resolution and accuracy of the results.
2.4.5

Flexure Test
The ASTM standard D7264 was used to conduct the flexural tests. The specimen

size was 25.4 mm x 203 mm (1.0 in. x 8.0 in.) and was tested in 4-point flexure with a ¼point load configuration at a span-to-thickness ratio of 32. The specimens were tested in
displacement control at a cross head rate of 5.1 mm/min (0.20 in/min), resulting in an
average test time of approximately 4.5 minutes. The DIC system was used to record both
the strain on the top surface of the flexure specimen and the mid-span deflection of the
specimen [18]. Load and crosshead displacement data were recorded at a sampling rate of
10 Hz on the Instron control computer and at 0.67 Hz on the DIC system.
2.5

Analysis of Results
The intent of the study was to determine the extent of the variability in

mechanical properties when different manufacturers were used. The analysis procedure
that was implemented ignored dataset pooling and population distribution issues for the
sake of maintaining consistency in the comparison of all the datasets. The dataset pooling
and population distribution discrepancies were treated as a level of variability and are
presented in the results. If the intent of the study had been to produce material design
allowables based on the pooling of all the datasets from all the manufacturers, then a
more strict reliability based approach would have been implemented.

34

2.5.1

Analysis Procedure
The statistical analysis methods outlined in the Composite Materials Handbook

(MIL-HDBK-17F-1) for single point data were used to analyze the material property test
results for each test type [19]. Specifically, the STAT17F Excel workbook, which
executes most of the statistical methods outlined in Section 8 of MIL-HDBK-17F-1, was
used to generate the results. While STAT17F computes the statistics for different
population distributions, the latest update of MIL-HDBK-17-1 states that a normal
distribution is the preferred distribution to assign when computing material properties.
Therefore, only the results for a normal distribution are presented and used for comparing
the material property results.
Two sets of analysis were conducted in order to investigate different aspects of
variability. The first analysis was intended to look at the variability in material properties
between the individual manufacturer’s two witness panels, while the second analysis was
intended to investigate the variability in material properties among all of the
manufacturers. An outline of the analysis procedure that was used on each mechanical
property is as follows:


Individual Manufacturer Analysis:
1. Calculate the mean and coefficient of variation for each property of the
individual manufacturer’s dataset. (IM-dataset)
2. Check for outliers in each property IM-dataset using the Maximum Normed
Residual (MNR). The MNR is a screening procedure for identifying an outlier
in a set of data. A value is declared to be an outlier if it has an absolute
deviation from the sample mean which, when compared to the sample
standard deviation, is too large to be due to chance.
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3. Check if the mechanical property data from the two panels from the same
manufacturer can be pooled using the k-sample Anderson-Darling (ADK)
goodness-of-fit method. The ADK test is a statistical procedure that tests the
hypothesis that the populations from which two or more groups of data were
sampled are identical. If the calculated ADK value for the dataset is less than
a set critical value then one can conclude, with a five percent risk of being in
error, that the groups were drawn from the same population.
4. Check for outliers in each pooled property IM-dataset using the MNR.
5. Check how well the pooled property IM-dataset fits a Normal Distribution by
calculating the Observed Significance Level (OSL) using Anderson-Darling.
If the OSL > 0.05, then the dataset fits a Normal Distribution.
6. Calculate the B-Basis value based on a Normal Distribution for the pooled
property IM-dataset. The B-Basis value is the calculated value at which there
is a 95% confidence that 90% of the data values from the population are
greater than this value.
7. Calculate the %-of-mean. The %-of mean is the ratio of B-basis value to the
Mean.


Combined Manufacturer Analysis:
1. Check if the mechanical property data for all five manufacturers can be pooled
using the k-sample Anderson-Darling goodness-of-fit method.
2. Check for outliers in each pooled property combined manufacturer’s dataset
(CM-dataset) using the Maximum Normed Residual.
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3. Check how well the pooled property CM-dataset fits a Normal Distribution by
calculating the Observed Significance Level (OSL) using Anderson-Darling.
4. Calculate the B-Basis value based on a Normal Distribution for the pooled
property CM-dataset.
5. Calculate the CM-%-of-mean. The CM-%-of-mean is the ratio of the B-basis to
the Mean.
It is worth noting that the general practice is to use the mean value for modulus,
and not the B-basis, when producing material design allowables. The B-basis was
employed here simply to quantify a measure of variability and to establish a correlation
between strength and elastic properties.
As recommended in MIL-HDBK-17F-1 for warps-parallel laminates, the strength
and modulus results for the tension and compression tests were normalized with respect
to panel thickness. Each result was multiplied by the ratio of a specimen thickness to a
nominal thickness. This procedure has been shown to account for variations in fiber
volume fraction, due to thickness variations, for fiber dominated material properties when
the same fiber reinforcement with the same areal weight has been used for fabrication of
the test laminates. The thickness used as the nominal thickness was 4.8 mm (0.190 in.),
which was approximately the mean thickness of all the specimens used in the study.
All of the property data in the results that follow were plotted using one of three
different scales: 0 to 6, 0 to 60, or 0 to 600. In some cases the axes were then truncated to
display a total range of 3, 30, or 300, without changing the scale, for the purpose of
clarity. The selection of scale was an attempt to make a qualitative comparison of the
variability of the different material properties.
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2.5.2

Constituent Volume Results
The mean and CV results for the constituent volume tests for the pooled IM-

datasets are presented in Table 2.1 and Figure 2.4. The dataset distribution showing the
test data for each panel is shown in Figure 2.5. The mean values ranged from a low of
50.4%, for panel D2, to a high of 56.6% for panel A2. Panels A1 and A2 had the largest
variability and as the distribution of Figure 2.5 indicates, there was no overlap of the A1
and A2 datasets. This discrepancy was verified by retest and panel thickness
measurements.

Table 2.1. Fiber volume fraction test results.
Individual Panel
mean
CV

Mfg. Panel
ID

A
B
C
D

Fiber Volume Fraction (%)

E

#

%

%

1
2
1
2
1
2
1
2
1
2

50.7
56.6
53.4
53.4
52.0
52.8
52.4
50.4
54.3
54.4

2.3
1.9
1.7
1.4
3.1
2.1
2.2
4.0
3.5
2.2

Combined Panels
mean
CV
%

%

53.6

6.1

53.4

1.5

52.4

2.7

51.4

3.7

54.4

2.9

60
50
40
30

53.6

53.4

A

B

52.4

51.4

54.4

20
10
0
C
D
Manufacturer

E

Figure 2.4. Fiber volume fraction results for each IM-Dataset.
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Figure 2.5. Test data for the constituent volume tests.
2.5.3

Tension Results
A stress-strain plot for a typical tension test is presented in Figure 2.6a. While the

stress-strain curves typically exhibited a bilinear response, there was not a well defined
transition point, or “knee”, in the curves. Instead, there was a gradual transition region.
The stress-strain curve is presented in Figure 2.6b with the bilinear regions extended
showing that the transition region occurs between 4500 to 10,000 micro-strain, which
was typical for the tensile test specimens in the study. The tensile secant modulus was
calculated in the strain range of 1000 to 3000 micro-strain as recommended in ASTM
D3039. The tensile failure strains are presented in Table 2.2. All specimens failed in
either the gage area or in the transition region, which have been shown in prior studies to
be acceptable failures modes for this specimen configuration [1, 17]. Typical failures are
presented in Figure 2.7.
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Figure 2.6. Stress-strain curve; a) for a typical tension specimen, b) showing bilinear
transition region.
Table 2.2. Tensile failure strain results.
Dataset

mean

ID

%

CV
%

Ax
Ay
Bx
By
Cx
Cy
Dx
Dy
Ex
Ey

1.71
1.67
1.97
2.01
2.15
2.02
1.94
2.10
1.95
2.01

10.0
6.0
4.3
5.2
3.3
3.7
7.8
3.1
12.1
9.6

Figure 2.7. Typical tension specimen failures in the gage area (top) and the transition
region (bottom).
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The tensile strength and modulus data were normalized as specified in MILHDBK-17F-1 using the nominal thickness of 4.8 mm (0.190 in.). The dataset
distributions showing the test data for each manufacturer’s two panels are presented in
Figures 2.8 and 2.9 for the tensile strength and tensile modulus, respectively. The
material property data for the x and y-directions are presented side by side in Figures 2.8
and 2.9 for comparison purposes. The strength data was plotted with an x-axis scale of 0600 MPa, while the modulus data was plotted with a 0-60 GPa scale. The axes were then

E2
E1
D2
D1
C2
C1
B2
B1
A2
A1

Dataset

Dataset

truncated for clarity without changing the relative scales.
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Figure 2.8. Test data for the normalized tensile strength in the x and y-directions.
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Figure 2.9. Test data for the normalized tensile modulus in the x and y-directions.
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The tensile failure strains were of comparable magnitude (1.94 to 2.15%) for IMdatasets B through E; however, the magnitude was considerably lower for IM-datasets
Ax and Ay (1.67 and 1.71%). In addition, the CV ranged from 3.1 to 12.1% for IMdatasets Dy and Ex, respectively.
The IM-dataset results for the tensile strength and modulus in the x and ydirections are plotted in Figure 2.10. For the purpose of comparing general variability, the
data is presented in a concise format, with both the strength and modulus data included
on the same plot. A dual axis was used for the plots, where the strength data is plotted
using the left y-axis and the modulus is plotted using the right y-axis. The plotted results
include the Mean, B-Basis, and error bars (±1 standard deviation) for each IM-dataset
and property.
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Figure 2.10. Tensile strength and modulus in the x and y-directions for the IM-Datasets.
The mean strength in the x-direction for the IM-datasets ranged from 428 to 476
MPa, with the CV ranging from 3.4 to 11.7%. The B-basis values ranged from 324 to 444
MPa, with a %-of-mean range of 75.8 to 93.2%. The minimum B-basis value occurred
for IM-dataset E, while IM-dataset C had the largest B-basis for strength in the x-
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direction. The CM-dataset analysis resulted in a B-basis tensile strength in the x-direction
of 394 MPa and a CM-%-of-mean of 88.4%.
The mean strength in the y-direction for the IM-datasets ranged from 318 to 367
MPa, with a CV range of 2.0 to 6.5%. The B-basis values ranged from 291 to 342 MPa,
with a %-of-mean range of 86.3 to 95.9%. In the y-direction, IM-dataset B had the largest
B-basis value and IM-dataset A had the smallest value. The CM-dataset analysis resulted
in a B-basis tensile strength in the y-direction of 315 MPa and CM-%-of-mean of 90.2%.
The mean tensile modulus in the x-direction for the IM-datasets ranged from 26.8
to 30.0 GPa, with the CV ranging from 1.1 to 3.2%. The B-basis tensile modulus values
ranged from 25.5 to 28.4 GPa, with a %-of-mean range of 93.3 to 97.7%. The minimum
B-basis value for tensile modulus occurred for IM-dataset D and minimum %-of-mean
for the x-direction tensile modulus occurred for IM-dataset E, while IM-dataset A had the
largest B-basis and IM-dataset C had the largest %-of-mean. The CM-dataset analysis
resulted in a B-basis tensile modulus in the x-direction of 25.9 GPa and a CM-%-of-mean
of 92.8%.
The mean tensile modulus in the y-direction for the IM-datasets ranged from 22.7
to 25.3 GPa, with the CV ranging from 2.0 to 5.0%. The B-basis values ranged from 21.8
to 23.9 GPa, with a %-of-mean range of 89.8 to 95.9%. The minimum B-basis value
occurred for IM-dataset D and the minimum %-of-mean for IM-dataset B, while IMdataset A had the largest B-basis and IM-dataset D the largest %-of-mean. The CMdataset analysis resulted in a B-basis tensile modulus in the y-direction of 22.0 GPa and
CM-%-of-mean of 92.3%.
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2.5.4

Compression Results

A stress-strain plot for a typical compression test specimen is presented in Figure 2.11a.
All specimens failed in an acceptable manner, as outlined in the standard, and typical
failures are presented in Figure 2.11b. The compressive failure strains are presented in
Table 2.3. The compressive secant modulus was calculated in the strain range of 1000 to
3000 micro-strain as recommended in ASTM D6641. The compression strength and
modulus data were normalized using a common thickness as specified in MIL-HDBK17F-1 for fiber-dominated material properties. The dataset distributions from each
manufacturer’s panels are presented in Figures 2.12 and 2.13 for the compression
strength and modulus, respectively. The property data for the x and y-directions are
presented side by side for comparison purposes. The strength data was plotted with an xaxis scale of 0-600 MPa, while the modulus data was plotted with a 0-60 GPa scale. The
axes were then truncated for clarity without changing the relative scales.
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Figure 2.11. Typical compression specimen: a) stress-strain curve and b) failure modes.
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Dataset

mean

ID

%

%

Ax
Ay
Bx
By
Cx
Cy
Dx
Dy
Ex
Ey

1.68
1.76
1.45
1.49
1.56
1.60
1.64
1.50
1.47
1.75

10.0
14.7
9.9
11.4
13.1
12.4
12.1
10.8
16.6
11.0

E2
E1
D2
D1
C2
C1
B2
B1
A2
A1

Dataset

Dataset

Table 2.3. Compressive failure strain results.
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Figure 2.12. Test data for the normalized compression strength in the x and y-directions.
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Figure 2.13. Test data for the normalized compression modulus in the x and y-directions.
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The compressive failure strains ranged from 1.47% for IM-dataset Ex to 1.76%
for IM-dataset Ay. In addition, the CV ranged from 9.9% to 16.6% for IM-datasets Bx
and Ex, respectively. The mean value of 1.72% compressive failure strain for IM-dataset
A is comparable to the 1.69% mean tensile failure strain for the same dataset. In contrast,
the mean compressive failure strains were on-average 22.5% lower than the tensile
failure strains for the remaining IM-datasets.
The IM-dataset results for the compressive strength and modulus in the x and ydirections are plotted in Figure 2.14. The mean compressive strength in the x-direction
for the IM-datasets ranged from 349 to 457 MPa, with the CV ranging from 4.7 to 10.9%.
The B-basis values ranged from 271 to 393 MPa, with a %-of-mean range of 77.8 to
90.4%. The minimum B-basis value for compressive strength in the x-direction occurred
for dataset E and the maximum value for dataset A. The maximum %-of-mean occurred
for dataset B and the minimum for dataset E. The CM-dataset analysis resulted in a Bbasis compressive strength of 317 MPa and a CM-%-of-mean of 80.8%.
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Figure 2.14. Compressive strength and modulus in the x and y-directions for the IMDatasets.
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The mean compressive strength in the y-direction for the IM-datasets ranged from
315 to 392 MPa, with the CV ranging from 3.5 to 8.7%. The B-basis values ranged from
271 to 323 MPa, with a %-of-mean range of 82.3 to 92.9%. The minimum B-basis value
for compressive modulus in the y-direction occurred for IM-dataset E and the maximum
value for IM-dataset A. The maximum %-of-mean occurred for IM-dataset B and the
minimum for IM-dataset A. The CM-dataset analysis resulted in a B-basis compressive
strength of 291 MPa and a CM-%-of-mean of 84.3%.
The mean compressive modulus in the x-direction for the IM-datasets ranged
from 26.5 to 30.9 GPa, with the CV ranging from 5.0 to 8.7%. The B-basis values ranged
from 21.9 to 27.5 GPa, with a %-of-mean range of 82.3 to 89.9%. The minimum B-basis
value for compressive modulus in the x-direction occurred for IM-dataset E and the
maximum value for IM-dataset A. The maximum %-of-mean occurred for IM-dataset C
and the minimum for IM-dataset E. The CM-dataset analysis resulted in a B-basis
compressive modulus of 24.2 GPa and a CM-%-of-mean of 86.3%.
The mean compressive modulus in the y-direction for the IM-datasets ranged
from 22.1 to 26.8 GPa, with the CV ranging from 3.2 to 6.5%. The B-basis values ranged
from 20.7 to 23.6 GPa, with a %-of-mean range of 86.8 to 93.5%. The minimum B-basis
value for compressive modulus in the y-direction occurred for IM-dataset E and the
maximum value from IM-dataset B. The maximum %-of-mean occurred for IM-dataset E
and the minimum for IM-dataset A. The CM-dataset analysis resulted in a B-basis
compressive modulus of 21.8 GPa and a CM-%-of-mean of 87.4%.
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2.5.5

Shear Results
A stress-strain plot for a typical shear test specimen is presented in Figure 2.15.

As seen in the figure, the three-rail test method does not result in a catastrophic failure of
the test specimen. Therefore, an offset method was used to determine the shear strength.
The method employed in this study used the strain range of 2000 to 6000 micro-strain to
construct a line parallel to the linear portion of the stress-strain curve and offset along the
strain axis by 0.2%. The intercept of this offset line with the load curve was taken as the
failure strength and failure strain. The shear failure strains are presented in Table 2.4. The
dataset distributions from each manufacturer’s individual panel are presented in Figures
2.16 and 2.17 for the shear strength and modulus, respectively. The strength data was
plotted with an x-axis scale of 0-60 MPa, while the modulus data was plotted with a 0-6
GPa scale. The axes were then truncated for clarity without changing the relative scales.
Both pair of property datasets for manufacturers A and B show less overlap than the other
manufacturer’s datasets.
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Figure 2.15. Stress-strain curve for a typical shear test specimen.
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Dataset

mean

ID

%

%

Ax
Ay
Bx
By
Cx
Cy
Dx
Dy
Ex
Ey

1.23
1.20
1.23
1.20
1.22
1.23
1.22
1.24
1.23
1.23

2.4
1.2
2.8
2.0
2.9
1.6
2.9
1.7
1.3
1.8

E2
E1
D2
D1
C2
C1
B2
B1
A2
A1

Dataset

Dataset

Table 2.4. Shear failure strain results.
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Figure 2.16. Test data for the shear strength in the x and y-directions.
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Figure 2.17. Test data for the shear modulus in the x and y-directions.
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The shear failure strains ranged from 1.20 to 1.24% for all of the IM-datasets,
with the CV ranging from 1.2 to 2.9%. The shear strength and modulus results in the x
and y-directions for the IM-datasets are plotted in Figure 2.18. The mean shear strength
in the x-direction for the IM-datasets ranged from 40.4 to 44.5 MPa, with the CV ranging
from 2.2 to 4.5%. The B-basis values ranged from 38.5 to 41.8 MPa, with a %-of-mean
range of 90.9 to 95.4%. The minimum B-basis value for shear strength in the x-direction
occurred for IM-dataset D and the maximum value for IM-dataset B. The minimum %of-mean occurred for IM-dataset A and the maximum for IM-dataset D. The CM-dataset
analysis resulted in a B-basis shear strength in the x-direction of 39.8 MPa and a CM-%of-mean of 92.6%.
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Figure 2.18. Shear strength and modulus in the x and y-directions for the IM-Datasets.
The mean shear strength in the y-direction for the IM-datasets ranged from 40.7 to
44.5 MPa, with the CV ranging from 2.1 to 3.4%. The B-basis values ranged from 38.8 to
42.1 MPa, with a %-of-mean range of 92.9 to 95.7%. The minimum B-basis value for
shear modulus in the y-direction occurred for IM-dataset D and the maximum B-basis
value for IM-dataset B. The minimum %-of-mean occurred for IM-dataset A and the
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maximum for IM-dataset C. The CM-dataset analysis resulted in a B-basis shear strength
in the y-direction of 40.2 MPa and a CM-%-of-mean of 93.4%.
The mean shear modulus in the x-direction for the IM-datasets ranged from 3.97
to 4.35 GPa, with the CV ranging from 3.5 to 4.7%. The B-basis values ranged from 3.63
to 4.01 GPa, with a %-of-mean range of 89.9 to 92.7%. The minimum B-basis value for
shear modulus in the x-direction occurred for IM-dataset D and the maximum value for
IM-dataset B. The minimum %-of-mean occurred for IM-dataset C and the maximum for
IM-dataset B. The CM-dataset analysis resulted in a B-basis shear modulus in the xdirection of 3.86 GPa and a CM-%-of-mean of 91.4%.
The mean shear modulus in the y-direction for the IM-datasets ranged from 3.94
to 4.48 GPa, with the CV ranging from 2.5 to 4.1%. The B-basis values ranged from 3.72
to 4.19 GPa, with a %-of-mean range of 91.8 to 94.9%. The minimum B-basis value for
shear modulus in the y-direction occurred for IM-dataset D and the maximum value for
IM-dataset B. The minimum %-of-mean occurred for IM-dataset E and the maximum for
IM-dataset C. The CM-dataset analysis resulted in a B-basis shear modulus in the ydirection of 3.87 GPa and a CM-%-of-mean of 91.1%.
2.5.6

Flexure Results
The flexural tests were conducted on specimens in the x-direction only; therefore,

the specimen orientation will not be referred to when discussing the flexural results. A
stress-strain plot for a typical flexural test specimen is presented in Figure 2.19a. As seen
in the plot there was typically some progressive failure occurring prior to final failure.
The typical specimen failure mode, as shown if Figure 2.19b, was a combination of
compressive failure on the top surface of the specimen followed by either a tensile failure
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of the bottom surface, or a delamination. All specimen failures occurred between the
load-heads. The flexural secant modulus was calculated in the strain range of 1000 to
3000 micro-strain as recommended in ASTM D7264. The flexural failure strains are
presented in Table 2.5. The dataset distributions from each manufacturer’s individual
panel are presented in Figure 2.20 for the flexure strength and modulus. The strength data
was plotted with an x-axis scale of 0-600 MPa, while the modulus data was plotted with a
0-60 GPa scale. The axes were then truncated for clarity without changing the relative
scales. All the dataset pairs with the exception of the strength results for dataset B show
significant overlap.
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Figure 2.19. Typical flexural test specimen: a) stress-strain curve and b) failure modes.

Table 2.5. Flexural failure strain results.
Dataset

mean

ID

%

%

Ax
Bx
Cx
Dx
Ex

2.07
2.10
2.05
2.13
2.13

5.3
5.2
16.6
9.1
17.2
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Figure 2.20. Test data for the flexural strength and modulus in the x-direction.
The flexural failure strains were similar for all of the IM-datasets and ranged from
2.05 to 2.13%, with the CV ranging from 5.2 to 17.2%. The flexural failure strains were
comparable to the tensile failure strains (~2%) for all but IM-dataset A. The flexural
strains at failure, which were measured on the compression face of the flexural test
specimens, were significantly higher than the compressive failure strains measured
during the compression tests.
The IM-dataset results for the flexural strength and modulus are plotted in Figure
2.21. The mean flexural strength for the pooled data ranged from 496 to 517 MPa, with
the CV ranging from 2.6 to 5.0%. The B-basis values ranged from 447 to 481 MPa, with
a %-of-mean range of 89.9 to 94.7%. The minimum B-basis value for flexural strength
occurred for IM-dataset B and the maximum value for IM-dataset C. The maximum %of-mean occurred for IM-dataset A and the minimum for IM-dataset E. The CM-dataset
analysis resulted in a B-basis flexural strength of 473 MPa and a CM-%-of-mean of
93.5%.
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Figure 2.21. Flexural strength and modulus in the x-direction for the IM-Datasets.
The mean flexural modulus for the IM-datasets ranged from 25.0 to 28.6 GPa,
with the CV ranging from 3.8 to 5.6%. The B-basis values ranged from 22.6 to 25.8 GPa,
with a %-of-mean range of 88.6 to 92.2%. The minimum B-basis value for flexural
modulus occurred for IM-dataset D and the maximum value for IM-dataset A. The
minimum %-of-mean occurred for IM-dataset E and the maximum for IM-dataset C. The
CM-dataset analysis resulted in a B-basis flexural modulus of 24.3 GPa and a CM-%-ofmean of 89.8%.
2.5.7

Proposed Approach to Quantify Variability
The B-basis and %-of-mean were used as the method to quantify the variability in

results of each material property test for each IM-dataset. A summary of the %-of-mean
results for all the tests performed are presented in Table 2.6. The table includes the
maximum and minimum %-of-mean for the IM-datasets (IM max and IM min) for each
test-type and orientation, for both strength and modulus. In addition, the %-of-mean for
the CM-datasets (CM) and coefficient of variation for the CM-datasets (CM CV) are
included. The CM-%-of-mean could be interpreted as the knockdown to produce a design
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Table 2.6. Round-robin %-of-mean results.
Property
ASTM D3039

a

ASTM D6641
ASTM D4255
ASTM D7264
a

Tens ion‐x
Tens ion‐y
Compres s ion‐x
Compres s ion‐y
Shear‐x
Shear‐y
Fl exure‐x

%‐of‐mean Strength
IM min
75.8
86.3
77.8
82.3
90.9
92.9
89.9

IM max
93.2
95.9
90.4
92.9
95.4
95.7
94.7

CM
88.4
90.2
80.8
84.3
92.6
93.4
93.5

%‐of‐mean Modulus
CM CV
7.4
6.2
12.3
10.1
4.7
4.2
4.2

IM min
93.3
89.8
82.3
86.8
89.9
91.8
88.6

IM max
97.7
95.9
89.9
93.5
92.7
94.9
92.2

CM
92.8
92.3
86.3
87.4
91.4
91.1
89.8

CM CV
4.6
4.9
8.8
8.1
5.5
5.7
6.5

Guidelines of the standard were used with a modified dog‐bone specimen.

value when combining all of the datasets within a test type and fiber orientation. The
CM-%-of-mean and CM CV were used as the means to quantify the variability between
the different test types. The CM-%-of-mean strength ranged from 80.8 to 93.5% and the
CM-%-of-mean modulus ranged from 86.3 to 92.8%. The flexural strength had the
highest CM-%-of-mean and compressive strength in the x-direction had the lowest CM%-of-mean. The tensile modulus in the x-direction had the highest CM-%-of-mean and
compressive modulus in the x-direction had the lowest CM-%-of-mean.
The results of the ADK test for pooling and the test for Normal distribution for
the property data from the two panels for each dataset are presented in Table 2.7. A “1”
indicates that the datasets failed the ADK pooling criteria, which means they are not
statistically from the same population. A “2” indicates that the datasets did not meet the
OSL criteria for a Normal distribution. As seen in the table, dataset A and B had several
property datasets fail the ADK test for pooling. The large discrepancy in fiber volume
fraction for dataset A’s two panels (50.9% vs. 56.4%) is likely the cause of the pooling
failures for the shear properties. The discrepancies in the compression results are not as
clear, since the normalization performed on the compression data should have accounted
for the volume fraction differences. It is the Author’s opinion that the likely cause of the
55

Table 2.7. ADK pooling and normal distribution results for each IM-Dataset.

Test Type
Tension
Compression
Shear
Flexure

Property

IM‐Dataset & Fiber Orientation
B
C
D

A
x

y

x

Strength

1

1

1

Modulus

1

Strength

1

1

1

Modulus

1

1

Strength
Modulus

y
1

x
2

2

y

x

2

1

E
y

2

1, 2
1, 2

Modulus

1

1

y
1

1
2

Strength

x

1

1
2

NOTE: Dataset Failure Types: 1 ‐ ADK Pooling Failure 2 ‐ Normal Distribution Failure

discrepancies in the compression results was caused by the waviness of the woven fabric,
since other studies have shown that the degree of waviness directly affects the
compressive strength and failure modes [15, 20-21]. The property results for dataset C
had no issues with pooling, but had four instances of failing to meet the Normal
distribution criteria.
It is important to note that a comprehensive reliability analysis intended to
produce actual design values was not undertaken in this study. In order to produce actual
design values, the results of the ADK goodness-of-fit tests would have had to be taken
into account and the data would have had to been analyzed differently. In some cases the
Stat-17 worksheet indicted that an ANOVA should have been used when analyzing the
CM-datasets.
2.6

Conclusions
A methodology to quantify variability of mechanical properties of marine grade

composites fabricated by the VARTM process was developed. Material coupon-level
tests for tension, compression, in-plane shear, and flexure were selected to characterize
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variability of strength and elastic properties for five different manufacturers.
Experimental techniques based on non-contact digital image correlation were adopted for
strain measurement to account for strain variations due to the relatively heavy fiber
reinforcement tows of marine grade composites.
A procedure for statistical representations of strength and elastic properties, as
recommended in MIL-HDBK-17F-1, were implemented as a means to compare the
different datasets. The recommended normalization procedure employed to account for
variations in fiber volume fraction for the tension and compression results seemed to
work for tension but had a lesser effect on the compression results when faced with a
significant volume fraction difference for one of the individual manufacturer’s datasets.
This led to statistically significant differences in some of the strength and elastic
properties for individual panels.
The combined manufacturer dataset results indicated that compression had the
most variability in both strength and modulus, while the flexural strength and tensile
modulus had the least amount of variability.
Tensile failure strains had relatively high strain to failure with a low CV (3 to
12%). On the other hand, compressive failure strains were noticeably lower with a higher
CV (10 to 16%). Compressive failure strains, which are related to local instability, are
affected by the inherent imperfections due to the waviness of the woven fabric
reinforcement. It is this “inherent imperfection” of a woven fabric composite that would
result in the large variability in the compression strength and stiffness properties observed
in this study. Further research would need to be conducted to determine ways to
minimize this effect during manufacturing.
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An additional observation was that the flexural strains to failure, which occurred
on the compression face, are significantly higher than the failure strains of the
compression specimens. This increase in strain to failure is partially attributed to the
partial restraint provided by the flexure specimen. Additionally, since a linear strain
distribution may be assumed through-the-thickness of the flexure specimen, only the
outer layer is subjected to the maximum strain. Therefore, the higher strains measured at
failure on the compression face of the flexure specimen, when compared with the
compression specimen, could be attributed to size-effects.
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CHAPTER 3
THE EFFECT OF STYRENE CONTENT ON THE MATERIAL PROPERTIES
OF MARINE GRADE POLYMER COMPOSITES

3.1

Abstract
One of the variables that affect the vacuum assisted resin transfer molding process

is the viscosity of the resin systems used during fabrication. Vinyl-ester resin is a
thermosetting polymer widely used because of its low cost and good combination of
toughness and chemical resistance. A common diluent for vinyl-ester resin is styrene
monomer, with most commercial vinyl-esters consisting of 30 to 60% styrene by weight.
This study investigated the effects of adding an additional 5wt% to a commercially
available vinyl-ester resin, as might be done in practice to improve the viscosity and wetout during the infusion process. Composite laminate panels were fabricated using the
base resin system and the increased styrene formulation. Standardized material coupon
tests were conducted for fiber volume fraction, tension, compression, in-plane shear, and
flexure on specimens from each of the composite laminates. Results indicate that the
increased styrene content produced statistically discernible reductions in tensile and
compressive strength and an increase in flexural modulus, with a negligible effect on inplane shear properties. Based on these findings it would be advisable to thoroughly
investigate further dilutions of this resin system prior to its implementation.
3.2

Introduction
The marine industry is an area where the vacuum assisted resin transfer molding

(VARTM) process is used extensively when fabricating composite parts. The common
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method of implementing the VARTM process in the marine industry involves one-sided
hard tooling with a pliable vacuum bag as the opposite surface. The pliable bag enables
the use of vacuum pressure to both consolidate the fiber-preform and infuse the resin
throughout the part. The placement of flow media and the locations of the resin inlet and
vacuum lines are crucial to the proper wetting of the fiber preform; however, this is
governed to a large degree by the viscosity of the resin system that is being used.
Many resin systems are too viscous in their basic form to be used during vacuum
infusion. As the vacuum infusion process has become increasingly popular,
manufacturers have overcome the viscosity issue by incorporating diluents into the base
resin system. Vinyl-ester resin is a thermosetting polymer widely used because of its low
cost and good combination of toughness and chemical resistance [1]. A commonly used
diluent for vinyl-ester resin is styrene monomer. Most commercial vinyl-ester resins
contain 30 to 60% styrene by weight [2]. Styrene serves as a diluent to reduce the room
temperature viscosity of the resin and enabling processing by methods such as VARTM,
and enhances linear chain extension in the resin allowing for room temperature curing.
Room temperature curing is crucial to the marine industry where post-curing of parts can
be both cost-prohibitive and sometimes impossible due to the shear size of the parts.
Styrene monomer in vinyl-ester resin also facilitates a higher degree of vinyl-ester
polymerization [2, 3]. During the cure of vinyl-ester resin, vinyl-ester molecules crosslink, while styrene serves as a means to link the adjacent vinyl-ester chains [2, 4]. The
overall extent of resin conversion of the vinyl-ester double bonds has been found to
increase with increasing styrene concentration, without an increased conversion of the
styrene double bonds [2, 5, 6]. The development of the polymer network significantly
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affects the physical, chemical and mechanical properties of the polymer, ultimately
affecting the properties of the composite. [2]
The increase in processability does appear to come at a cost however, as some
studies have shown a decrease in polymerization rate [2, 4, 7] and a decrease in material
properties at higher levels of styrene content. The increased concentration of diluent
styrene monomer reduces the polymerization rate due to the lower crosslink density and
the plasticizing effect of the diluent. The decrease in polymerization rate increases the gel
time and lowers the peak exotherm [8], which can affect the final properties [9].
Increasing the styrene content has been shown in several studies to decrease the
glass transition temperature (Tg) [5, 7, 10]. In addition to the decrease in Tg, Rodriguez
[10] found that an increase in styrene resulted in an increase in damping and a decrease in
compression strength and modulus of neat resin specimens of Derakane 411-350 and
Derakane 411-350 Momentum. In that study compression modulus decreased by an
average of 4% for each 10% increase in styrene while strength dropped by an average of
2% over the same range. Rosario [11] and Shan [12] both found that fracture toughness
of neat resin specimens decreased with increasing styrene content. Sultania [8] found that
styrene contents of 35-45% in vinyl-ester resins enhanced tensile, flexural and impact
properties, but properties decreased with styrene percentages over 45%. He attributed it
to increased flexibility caused by the uncrosslinked styrene monomer present in the
laminates. Agarwal [13] found that increasing the styrene content decreased the tensile
modulus of FRP specimens. Styrene has been shown to dominate the swelling of the
sizing layer on the fiber [14], which may contribute to some of the variations in
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mechanical properties with increasing styrene content. In addition to the mechanical
property issues, low residual styrene content is important for health considerations [15].
With all of the complexities of the interactions between the fiber, resin, diluents
and catalyzing recipes incorporated during the infusion process, the formulation of a
vinyl-ester resin is a trade-off between its viscosity and the properties of the composite
material when cured. With a large number of the variations controlled by the fabricator,
questions remain as to the effect of these variations on the consistency of the structural
properties of the composite laminates. The objective of this study was to determine if
small amounts of additional styrene added to the base resin to reduce viscosity and
improve fiber wet-out would affect the material properties of the final laminate. This
study is part of a larger program sponsored by the Office of Naval Research intended to
investigate the causes of variability in material properties of composite laminates
fabricated using the VARTM process. The sources of variability being investigated in the
larger project include those due to manufacturing [16, 17, 18], post processing [19], and
testing of composites [20].
3.3

Panel Fabrication
A marine grade fiber-reinforced polymer (FRP) composite reinforced with woven

roving was tested in this study. The FRP panels consisted of E-glass/vinyl-ester and were
fabricated using a VARTM process. The fiber reinforcement used was Saint Gobain
Vetrotex 324 woven roving with a weight per unit area of 814 g/m2 (24 oz/yd2). The tow
spacing is 5.1 mm (5 tows per inch) in the warp direction, and 6.4 mm (4 tows per inch)
in the fill direction resulting in 55% of the fiber orientated in the warp direction.
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The polymer resin used was Ashland Derakane 8084, which is an elastomermodified epoxy vinyl-ester resin. Two different resin formulations were used in this
study. The first batch, designated as resin V, consisted of the 8084 resin as received,
which has 40wt% styrene [21]. The second batch, designated as resin S, was diluted with
an additional 5.0wt% styrene monomer (Nova Chemicals), for a final weight content of
45% styrene. The target gel-time was one hour and both resin batches were promoted
with identical catalyzing recipes as follows:
 2.00 wt% Trigonox 239A (AkzoNobel)
 0.30 wt% Cobalt 6% Napthenate (Puritan Products)
 0.20 wt% N,N-Dimethylaniline (Puritan Products)
 0.05 wt% 2,4-Pentanedione (J.T. Baker)
Two panels were fabricated for each of the two resin formulations and were
designated as V1, V2, S1, and S2. The panel dimensions were 1.22 m x 1.22 m (4 ft x 4
ft) with nominal thicknesses of 5.1 mm (0.20 in.). The panels consisted of eight layers of
the woven roving reinforcement in a warps-parallel orientation designated by the notation
[08]f, where the orientation indicates the warp direction of the fabric. After an 18 hour
room temperature cure, the panels were removed from the infusion table and were postcured at 82ºC (180ºF) for a period of 4 hours. This temperature and duration had been
shown to be appropriate for this material system at this thickness in an earlier phase of
the study [19].
3.4

Experimental Methods
The material property tests conducted during the study included constituent

volume fraction, tension, compression, in-plane shear, and flexure. These tests had been
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selected to run in conjunction with another phase of the larger study [16] and they were
conducted per the following ASTM test standards.
 Constituent Content - ASTM D3171 [22]
 Tension - ASTM D3039 [23]
 Compression - ASTM D6641 [24]
 Shear - ASTM D4255 [25]
 Flexure - ASTM D7264 [26]
Eight specimens were cut from each of the four panels for each test type and fiber
orientation, where the warp and fill orientations of the fabric correspond to the x and ydirections of the panels, respectively. This resulted in a total of 32 specimens for each
combination of test type and fiber orientation. Tests were performed in the x and yorientations for the tension, compression, and shear tests, while specimens in the xdirection only were performed for the flexural tests. Eight specimens were also cut from
each panel for constituent volume testing. The position of all specimens in the panel was
distributed at eight locations to capture spatial variability of properties due to location in
the panel, as shown in Figure 3.1. Computer numeric controlled (CNC) water-jet abrasive
machining was used to cut all of the specimens.
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Tension x
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Figure 3.1. Specimen locations in the composite panels.
A three-dimensional digital image correlation (DIC) system was used to record
full-field strains during testing. The DIC system provides an advantage over resistive foil
gages as it allows a larger area of the specimen to be monitored during testing. This is
advantageous when testing heavy woven fabrics where strain gage size and placement
can influence test results due to strain variations on the specimen [27, 28].
All specimens were examined prior to testing for visible defects due to
manufacturing or specimen preparation. In addition to the visual inspection of the
exterior of the specimens for excessive fiber waviness and other macroscopic defects, the
inspection included backlighting of the specimens. This reveals macroscopic inclusions,
voids, and delaminations produced during manufacturing and specimen preparation.
There were no objectionable defects observed in any of the specimens.
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The specimens were prepared for the DIC measurement system by applying a
speckled pattern of paint to produce a 50% grayscale pattern in the area of the specimen
that would be observed during testing. A typical speckle pattern that was applied to the
specimens is presented in Figure 3.2.

Figure 3.2. Typical speckle pattern for DIC measurements.
Prior to testing, all specimens were conditioned at 23 ± 2°C (73.4 ± 3.6°F) and 50
± 10% relative humidity for a minimum of 48 hours. The tension, compression, shear,
and flexure tests were performed on a 100 kN (22.5 kip) Instron load frame equipped
with side-loading hydraulic grips, and located in an environmentally controlled test lab at
an environment of 23 ± 2°C and 50 ± 5% relative humidity. All of the tests were
conducted at the Advanced Structures and Composites Center, at the University of Maine
in Orono, Maine.
3.4.1

Constituent Volume Test
ASTM test standard D2584 was used to determine the constituent volume fraction

of the specimens. The specimen size was 19.0 mm x 76.2 mm (0.75 in. x 3.0 in.). The
specimens were placed in a crucible in a muffle furnace at a temperature of 565ºC for a
period of 2.5 hours, which had shown to be sufficient for complete resin removal with
this material system. [16]
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3.4.2

Tension Test
The results of the prior phase of the project indicated that a larger tensile

specimen was required to properly capture the representative width of the 24 oz woven
roving fabric [20]. In addition, a dog-bone shaped specimen was favored over a tabbed
rectangular specimen. An optimized dog-bone specimen was used for the tensile tests
[29] as shown in Figure 3.3. Other than the dog-bone shaped specimen, ASTM D3039
was used as a guideline for performing the tests.

Figure 3.3. Optimized tensile dog-bone specimen.
The specimens were tested in displacement control at a crosshead rate of 0.30
mm/sec (0.012 in/sec) resulting in an average test time of approximately three minutes.
Load and crosshead displacement data were recorded at a sampling rate of 10 Hz on the
Instron control computer and at 1 Hz on the DIC system. The 1 Hz sampling rate on the
DIC system had been shown to be sufficient for this test configuration [16].
3.4.3

Compression Test
ASTM test standard D6641 was used as a guideline for conducting the

compression tests. The test specimen size was 25.4 mm x 152.4 mm (1.0 in. x 6.0 in.).
The length of 152.4 mm is slightly longer than what the standard calls for and was
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selected since it allows more area of the specimen to be observed by the DIC system. The
specimens were tested in displacement control at a crosshead rate of 0.01 mm/sec (0.0004
in/sec). This resulted in an average test time of approximately five minutes. A selfleveling compression platen was used on the stationary crosshead to account for any
misalignment during loading. Load and crosshead displacement data were recorded at a
sampling rate of 10 Hz on the Instron control computer and at 1 Hz on the DIC system.
The sampling rate was chosen to reduce post-processing time on the DIC system without
compromising the resolution and accuracy of the results.
3.4.4

Shear Test
ASTM test standard D4255 was shown to be the preferred method for in-plane

shear testing of woven roving composites [20]. The specimen size was 136.5 mm x 152.4
mm (5.38 in. x 6.0 in.). The specimens were tested in displacement control at a crosshead
rate of 0.015 mm/sec (0.0006 in/sec), resulting in an average test time of approximately
7.5 minutes. Since this test method does not produce a catastrophic failure of the
specimen, the tests were allowed to progress until the load reached approximately 85 kN.
This ensured that the load-displacement curve was fully developed and would permit the
use of an offset method to obtain the failure strength. Load and crosshead displacement
data were recorded at a sampling rate of 10 Hz on the Instron control computer and at
0.67 Hz on the DIC system. As before, the DIC sampling rate was chosen such that it
reduced post-processing time without compromising the resolution and accuracy of the
results.
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3.4.5

Flexure Test
ASTM standard D7264 was used to conduct the flexural tests. The specimen size

was 25.4 mm x 203 mm (1.0 in. x 8.0 in.). The specimens were tested in 4-point flexure
with a ¼-point load configuration at a span-to-thickness ratio of 32. The specimens were
tested in displacement control at a cross head rate of 5.1 mm/min (0.20 in/min), resulting
in an average test time of approximately 4.5 minutes. The DIC system was used to record
both the strain on the top surface of the specimen and the mid-span deflection of the
specimen [30]. Load and crosshead displacement data were recorded at a sampling rate of
10 Hz on the Instron control computer and at 0.67 Hz on the DIC system.
3.5
3.5.1

Results
Analysis Procedures
The data from each of the two replicate panels were grouped and treated as a

single dataset for the statistical analysis. After verifying normality of the dataset
distributions using the Anderson-Darling method, the mean and coefficient of variation
(CV) were computed for each of the material properties investigated. The k-sample
Anderson-Darling (ADK) method was used to determine if the results of each dataset
were statistically different for the two resin formulations [31]. The ADK method is the
method recommended in the Composite Materials Handbook (MIL-17) to screen for
pooling of datasets and was implemented throughout the different phases of the larger
study [16-18]. If the computed ADK value for the dataset is less than the critical ADK
value, then one can conclude (with 97.5% confidence) that the datasets are from the same
population. The ratio of the computed value to critical value was calculated as a means to
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determine the level to which the datasets were statistically different. This ADK ratio is
tabulated and presented for each dataset comparison in the results that follow.
The Maximum Normed Residual (MNR) method was used to identify outliers
[31]. While the method did identify a couple of outliers in the data, they were not
removed from the dataset, since no specimen or testing anomaly could be identified.
As recommended in MIL-HDBK-17F-1 for warps-parallel laminates, the strength
and modulus results for the tension and compression tests were normalized with respect
to panel thickness. Each result was multiplied by the ratio of the test specimen thickness
to a nominal thickness. This procedure accounts for variations in fiber volume fraction,
due to thickness variations, for fiber dominated material properties for a given fiber
reinforcement and areal weight. The thickness used as the nominal thickness was 4.8 mm
(0.190 in.), which was approximately the mean thickness of all the specimens used in the
study.
All of the property data in the results that follow were plotted using one of three
different scales: 0 to 5.5, 0 to 55, or 0 to 550. The selection of scale was an attempt to
allow a qualitative comparison of the variability in the different material properties.
Panel Fabrication Results
The panel fabrication results matrix is presented in Table 3.1. As seen in the table,
the additional styrene reduced the wet-out time of the panel infusions by 22-29% on
average compared to the base resin panel infusions, which was one of the objectives of
diluting the resin; however, it also reduced the resin gel time by 6-15%. The differences
in gel time are not significant, but they are contrary to prior studies where increased
styrene content decreased the reaction rate thereby increasing the gel time [2, 4, 7].
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Table 3.1. Panel fabrication results.
Resin
Formulation

Panel

Wet‐out Time

Gel Time

ID

min

min

V1
V2
S1
S2

48
50
35
38

63
61
58
53

8084 (V)
8084 +5%
Styrene (S)

3.5.2

Constituent Volume Results
The fiber volume fraction (FVF) results are presented in the plot in Figure 3.4

with the statistical results in Table 3.2. Dataset S produced a mean FVF that was
approximately one percentage-point greater than dataset V. The less viscous resin of
dataset S would have been expected to wet-out the tows better than resin V, but the
longer time between wet-out and gelation, as seen in Table 3.1 would also have improved
the FVF. As indicated by the ADK ratios less than 1.0 in Table 3.2, there was no
statistically discernible difference between the two panels within the datasets or between

52.8

55
50
45
40
35
30
25
20
15
10
5
0

53.7

Fiber Volume Fraction (%)

datasets S and V.

S

V

Dataset

Figure 3.4. Fiber volume fraction results.
Table 3.2. Fiber volume fraction statistics.
Dataset

mean

CV

Id

%

%

S
V
Total

53.7
52.8
53.2

2.1
2.9
2.6

ADK
Ratio
0.33
0.18
0.67

Note: ADK ratios < 1 indicate no statistically discernible difference between datasets
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3.5.3

Tension Results
The tensile stress-strain curves exhibited a bilinear response, which is common

with woven roving composites, but there was not a well defined transition point in the
curves; instead, there was a gradual transition region. This is similar to what had been
observed in the larger study with the specimens fabricated by other manufacturers using
the identical material system [16]. The tensile secant modulus was calculated in the strain
range of 1000 to 3000 micro-strain as recommended in ASTM D3039. All specimens
failed in either the gage area or in the transition region, which have been shown to be
acceptable failure modes for this specimen configuration [16, 20].
The normalized tensile strength and modulus results for the x and y-orientations
are presented in the plot in Figure 3.5. A dual axis was used for the plots, where the
strength data is plotted using the left y-axis and the modulus is plotted using the right yaxis. The strength data was plotted with a y-axis scale of 0-550 MPa, while the modulus
data was plotted with a 0-55 GPa scale. The plotted results include the Mean value with
error bars (±1 standard deviation) for each resin dataset and tensile property. The

24.4

Sx

Vx

Sy

Vy

Modulus

Dataset and Material Property

Figure 3.5. Tension test results.
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statistical results are presented in Table 3.3.

Table 3.3. Tension test statistics.

Dataset
Id

S
V
Total

x‐direction
Strength
Modulus
mean CV ADK
mean CV
ADK
Ratio
Ratio
MPa
%
GPa
%
413
10 0.31
27.1 2.3 0.13
438
5.0 0.57
27.6 1.7 0.18
425
8.5 0.83
27.3 2.2 1.11

y‐direction
Strength
Modulus
mean CV
mean CV
ADK
ADK
Ratio
Ratio
MPa
%
GPa
%
301
3.9
0.11
24.3 2.2
0.13
349
8.5
2.22
24.4 2.9
0.13
325
10
3.79
24.4 2.5
0.22

Note: ADK ratios < 1 indicate no statistically discernible difference between datasets

There was a decrease in the mean values of all tensile properties for the S datasets
compared to the V Datasets. The strength was reduced by 6% and 14% in the x and yorientations respectively, while the modulus saw reductions of 2% and 0.4% in the x and
y-orientations, respectively. The ADK ratios in Table 3.3 indicate that there were
statistical differences between the resin formulations in only two of the properties;
modulus in the x-direction (x-modulus) and strength in the y-direction (y-strength). The
difference in mean y-strength was substantial at 48 MPa, but the difference in x-modulus
was only 0.5 GPa. Reductions in tensile properties with increasing styrene monomer
content have been recorded in other studies [8], but it occurred at styrene weight
percentages exceeding 45%.
3.5.4

Compression Results
All specimens failed in an acceptable manner, as outlined in the standard. The

compressive secant modulus was calculated in the strain range of 1000 to 3000 microstrain as recommended in ASTM D6641. The normalized compressive strength and
modulus results for the x and y-directions are presented in the plot in Figure 3.6. As with
the previous property results a dual axis was used for the strength and modulus data in the
plots. The strength data was plotted with a y-axis scale of 0-550 MPa, while the modulus
data was plotted with a 0-55 GPa scale. The plotted results include the mean value with
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error bars (±1 standard deviation) for each resin formulation and compressive property.
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The statistical results are presented in Table 3.4.
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Figure 3.6. Compression test results.
Table 3.4. Compression test statistics.

Dataset
Id

S
V
Total

x‐direction
Strength
Modulus
mean CV ADK
mean CV ADK
Ratio
Ratio
MPa
%
GPa
%
371
5.5 0.55
26.2 3.8 0.22
375
8.5 0.13
27.1 5.7 0.10
373
7.1 0.24
26.7 5.1 0.71

y‐direction
Strength
Modulus
mean CV
mean
CV
ADK
ADK
Ratio
Ratio
MPa
%
GPa
%
316
6.2
0.18
23.3 4.8
0.25
331
4.0
0.35
23.5 5.3
0.40
324
5.6
1.11
23.0 5.0
0.23

Note: ADK ratios < 1 indicate no statistically discernible difference between datasets

As with the tension results, there was a decrease in the mean values of all
compressive properties for the S datasets compared to the V datasets, but at smaller
magnitudes for the strength properties when compared to tension. The strength was
reduced by 1% and 5% in the x and y-directions, respectively, while the modulus saw
reductions of 3% and 0.9% in the x and y-directions, respectively. The ADK ratios in
Table 3.4 however, indicate that the only property that produced statistical differences
between resin formulations was the y-strength with a difference in means of 15 MPa, The
5% reduction in y-strength with a 5% increase in styrene is larger than what was found
for Derakane 411-350 where strength was reduced by 2% for a 10% increase in styrene
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monomer [10]. The fact that the x-strength saw smaller reductions could indicate that
there are other factors contributing to the differences in y-strength, such as the differences
in the weave structure between the warp and fill directions in a fabric which have been
shown to affect compression properties [32, 33].
3.5.5

Shear Results
The three-rail test method does not result in a catastrophic failure of the test

specimen; therefore, an offset method was used to determine the shear strength as
recommended in ASTM D4255. The method employed in this study used the strain range
of 2000 to 6000 micro-strain to construct the 0.2% offset line. The intercept of this offset
line with the load curve was taken as the offset failure strength.
The shear strength and modulus results for the x and y-directions are presented in
the plot in Figure 3.7. As with the previous property results a dual axis was used for the
strength and modulus data in the plots. The strength data was plotted with an x-axis scale
of 0-55 MPa, while the modulus data was plotted with a 0.0-5.5 GPa scale. The plotted
results include the mean value with error bars (±1 standard deviation) for each resin
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Figure 3.7. Shear test results.
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formulation and shear property. The statistical results are presented in Table 3.5.

Table 3.5. Shear test statistics.

Dataset
Id

S
V
Total

x‐direction
Strength
Modulus
mean CV ADK
mean CV ADK
Ratio
Ratio
MPa
%
GPa
%
43.0 2.8 1.48
4.30 2.8 1.81
43.3 1.4 0.44
4.30 2.5 0.40
43.1 2.2 0.46
4.30 2.6 0.15

y‐direction
Strength
Modulus
mean CV
mean CV
ADK
ADK
Ratio
Ratio
MPa
%
GPa
%
43.0 2.4
0.67
4.24 2.0
0.26
43.4 1.9
0.14
4.25 2.6
0.16
43.2 2.2
0.64
4.24 2.3
0.21

Note: ADK ratios < 1 indicate no statistically discernible difference between datasets

There was a negligible decrease in the mean values of the shear properties for the
S datasets compared to the V Datasets. The mean of the x and y-strength results was
reduced by 1%, while the mean moduli decreased by less than 1%. In addition the CV for
all of the properties was below 3%. The ADK ratios in Table 3.5 indicate that there were
no statistical differences between the resin formulations for any of the shear properties.
There were however, statistical differences within the S dataset for both x-strength and xmodulus. Results of this nature are not unexpected considering the very small CV for the
datasets, and are similar to what was experienced in the larger study with the shear
property results [16].
3.5.6

Flexure Results
The flexural tests were conducted on specimens in the x-direction only. The stress

strain response of the test specimens typically displayed some progressive failure
occurring prior to final failure. All specimens failed between the load-heads. The typical
specimen failure mode was a combination of compressive failure on the top surface of the
specimen followed by either a tensile failure of the bottom surface, or a delamination in
the specimen between the load-heads.
The flexural secant modulus was calculated in the strain range of 1000 to 3000
micro-strain as recommended in ASTM D7264. The flexural strength and modulus
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results for the x-orientations are presented in the plot in Figure 3.8. As with the previous
property results a dual axis was used for the strength and modulus data in the plots. The
strength data was plotted with an x-axis scale of 0-550 MPa, while the modulus data was
plotted with a 0-55 GPa scale. The plotted results include the mean value with error bars
(±1 standard deviation) for each resin formulation and flexural property. The statistical
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results are presented in Table 3.6.
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Dataset and Material Property

Figure 3.8. Flexure test results.
Table 3.6. Flexure test statistics.

Dataset
Id

S
V
Total

x‐direction
Strength
Modulus
mean CV ADK
mean CV ADK
Ratio
Ratio
MPa
%
GPa
%
511
4.5 0.60
26.2 5.1 0.22
508
4.9 0.19
25.1 4.6 0.29
509
4.7 0.10
25.7 5.3 1.10

Note: ADK ratios < 1 indicate no statistically discernible difference between datasets

Unlike the other material properties investigated in this study, dataset S produced
larger mean values than dataset V for both x-strength and x-modulus. The mean xstrength increased by 0.6% and the mean x-modulus increased by 4% for dataset S. The
ADK ratios in Table 3.6 indicate that the increase in modulus was statistically significant.
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An increase in flexural properties with increasing styrene content up to 45 wt% styrene
content is consistent with what was found by Sultania [8].
The flexural modulus, which was based on measurements of strain on the
compression face of the flexure specimen, was identical to the compressive modulus for
dataset S, while it decreased by 7.4% for dataset V compared to the compression
modulus.
3.6

Conclusions
E-glass/vinyl-ester composite laminate panels were fabricated using two different

resin formulations to investigate the effects of styrene content on material properties. The
first resin formulation was “as received” containing 40wt% styrene, and the second
formulation was diluted with an additional 5wt% styrene monomer, for a total of 45wt%
styrene. The increase of styrene content reduced the wet-out time of the fiber preforms by
22-29% on average compared to the infusions with the base resin formulation, which was
one of the objectives of diluting the resin; however, it also reduced the resin gel time by
6-15%. The differences in gel time are not significant, but they are contrary to prior
studies where increased styrene content resulted in increased gel times [2, 4, 7].
Material test coupons were cut from each of the four panels, two from each resin
formulation. Material testing was comprised of ASTM test standards for constituent
volume content, tension, compression, in-plane shear, and four-point flexure with 1/4point loading.
The increase in styrene content produced a mean fiber volume fraction that was
approximately one percentage-point greater than the base resin system. While the less
viscous resin formulation would be expected to wet-out the fiber tows more thoroughly, it
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could also be attributed to the longer time between wet-out and gelation which would
also improve the wet-out of the fiber preform.
The increase in styrene content reduced the mean value for the majority of the
strength and modulus properties for the tension, compression and shear tests. The tensile
strength property experienced the greatest decrease at 6% and 14% for the x and y warp
fiber directions, respectively; however, only the decrease in y-strength proved to
statistically significant. While the difference in tensile x-modulus was also statistically
significant, it decreased by a mere 1.8% with the 5wt% increase in styrene. The
compression strength in the y-direction also proved to be statistically significant with a
5% decrease for the elevated styrene content resin formulation, but the difference could
possibly be attributed to variations in weave structure as has been found in other studies
[16]. The shear properties in the x and y-directions decreased with increasing styrene
content, but at magnitudes of less than 1%, of which none proved to be statistically
significant.
The flexural tests produced the only results that indicated an increase in properties
for the specimens with the increased styrene formulation. The mean strength in the xdirection increased by a mere 0.6% for the increased styrene formulation specimens and
proved not to be statistically significant; however the mean modulus in the x-direction
increased by 4% with increased styrene content and was shown to be statistically
significant.
Based on the finding of prior studies [1-15] and the material property variations
due to an increase in styrene content for the Derakane 8084 resin observed in this study;
specifically, reductions of 14% and 5% in the tensile and compressive strengths in the y-
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direction, respectively, and a 4% increase in flexural modulus, it would be prudent to
thoroughly investigate the effects of further dilutions prior to implementing such a
formulation during an infusion.
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CHAPTER 4
FULL-FIELD STRAIN MEASUREMENTS FOR DETERMINING MATERIAL
PROPERTIES OF MARINE COMPOSITE LAMINATES

4.1

Abstract
Determining the mechanical properties of marine grade composites using

conventional strain gages can pose an insurmountable problem when dealing with heavy
woven fabrics. The variability in the recorded strain values can vary significantly
depending on the tow spacing and whether the gage is placed on a “warp” or “fill” tow
orientation. The work presented in this paper demonstrates the use of a 3-D Digital Image
Correlation (DIC) system for determining the mechanical properties of 24oz wovenroving, eglass/vinyl-ester composite laminates. The DIC system permits individual test
review, after post-processing of the data, which allows the examiner to visually observe
the strain field formation and distribution throughout the gage area of the test specimen
for the duration of the test. While the tests conducted over the course of the entire study
included standardized tension, compression, shear, and flexural tests of composite
material coupons, and flexural tests on structural components, only the use of the DIC
system for the flexural tests are presented here. The tests were part of a manufacturing
round robin study designed to investigate the variability in mechanical properties due to
the use of multiple manufacturers for fabricating identical parts. The work was part of an
Office of Naval Research project to determine the variability in mechanical properties of
marine grade composites fabricated using a VARTM process.
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4.2

Introduction
A 3-D Digital Image Correlation (DIC) strain measurement system was

implemented in an experimental program for characterizing the flexural properties of
polymer matrix composites (PMC) with woven-roving reinforcement. The 3-D DIC
system has the capability of measuring non-contact full-field strains and displacements of
specimens under stress. The test setup used to conduct the experimental study using the
3-D DIC system is presented including specimen preparation. The parameters of the
system used to measure strain and the technique of strain measurement by the DIC
system is explained. In addition, the precision and accuracy of the system is discussed
and referenced to a study comparing conventional measuring techniques to DIC system
strain measurement.
4.3

Background
Conventional measurements used in composite material testing are bonded strain

gages, extensometers, and linear variable differential transducers (LVDTs). Strain gages
are surface bonded resistance gages. The conventional instrumentation provides one
measurement at a time, either strain or displacement. Typical problems accompany the
use of conventional measurement devices. Strain gages have problems due to proper
bonding of the strain gage and avoiding de-bonding during the loading of the specimen.
Alignment of the strain gage with the fibers is also a source of difficulty when using
strain gages on composite materials. In addition, the transverse sensitivity of the strain
gage material has to be accommodated. The use of an extensometer usually requires the
removal of the device from the specimen prior to specimen failure to avoid damage to the
instrument. As for the LVDT, it only provides displacement information. All of the
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conventional measurements require surface contact with the specimen and provide single
point information.
A three-dimensional digital image correlation (DIC) photogrammetry system is
capable of non-contact full-field measurements of strains and displacements. The DIC
technology was developed in the 1980’s and was used to measure deformation and strains
under various loading regimes [1,2]. In addition, the technology has been applied to
determine strains in solid wood, individual wood fibers and papers [3,4], resin films [5],
fiber reinforced Polymer Composites [6-8] and Concrete [9].
A more recent work on fracture mechanics has been done using the DIC system.
The system was used to track the crack propagation length and the crack opening
displacement between a wood plastic composite and a fiber reinforced polymer [10]. In
addition, the DIC system was used to characterize the creep properties of wood plastic
composites [11].
The digital image correlation system determines the displacement and
deformation of selected points of the mesh on the surface of the specimen under testing.
The displacement and deformation of the points are determined by comparing successive
images taken during the loading of the specimens and correlated to the original state of
the specimen prior to loading. Two cameras are used to cross correlate the distances and
obtain out of plane displacements. The mesh on the surface of the specimen is recognized
by the system as a variable gray intensity pattern. Once each mesh is correlated with its
neighboring mesh, in-plane strain values are obtained based on triangular or rectangular
networks of points [7]. The out of plane displacement is accurately measured when two
cameras are utilized. The two cameras, once in position in front of the specimen and
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calibrated, can provide stereoscopic information of the specimen surface. The DIC
technology used for this study was the ARAMIS system provided by GOM, MbH, and
has been successfully applied to a wide range of experimental studies [12,13].
4.4

Composite Materials Evaluated
A marine grade polymer matrix composite (PMC) reinforced with woven roving

was tested in this study. The PMC panels consisted of E-glass/vinyl-ester and were
fabricated using a Vacuum Assisted Resin Transfer Molding (VARTM) process. The
fiber reinforcement used was a Saint Gobain Vetrotex 324 woven roving with a weight
per unit area of 814 g/m2 (24 oz/yd2). The tow spacing is 5.1 mm (5 tows per inch) in the
warp direction, and 6.4 mm (4 tows per inch) in the fill direction. This results in 55% of
the fiber orientated in the warp direction and 45% in the fill direction. The polymer resin
used was an Ashland Derakane 8084, which is an elastomer-modified epoxy vinyl-ester
resin.
Each of the five participating manufacturers provided two panels for the material
coupon testing portion of the study. The panel dimensions were 1.22 m x 1.22 m (4 ft x 4
ft) and consisted of 8 layers of fabric reinforcement with the warps parallel, for a nominal
thickness of 5.1 mm (0.20 in.). The lay-up notation is [0]4sf, where the warp direction
corresponds to the principal material direction-1, and the fill direction to the principal
material direction-2 as presented in Figure 4.1.
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Figure 4.1. Laminate coordinate reference system.
4.5

Composite Specimen Preparation
Eight specimens were cut from each of the ten panels using a water-jet cutter. The

nominal specimen dimensions were 1 inch wide by 8 inches long by 0.2 inches thick. The
only preparation required for the DIC strain measurement was the application of a
speckle pattern to the surfaces that will be monitored during the test. The specimen
surface was first cleaned with a degreaser to remove any residue remaining from the
manufacturing of the panels. The pattern was then created by applying a thin layer of
white paint followed by a speckle pattern of black paint. The only requirement of the
pattern is that it be approximately a 50% grayscale pattern with the black speckles of 3 to
5 pixels in size when observed through the DIC cameras. This type of speckle pattern
allows the DIC system to establish a unique finite mesh pattern of gray intensity which is
used to identify and locate each mesh element relative to its neighboring elements.
4.6

Experimental Test Setup
A 4-point flexural test configuration, with quarter-point loading, was used for this

investigation, as shown in Figure 4.2. As recommended in ASTM D7264 [14] a span-tothickness ratio of 32 was used for all tests. The testing was performed on an Instron 100
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kN (22.5 kip) load frame, in the environmentally controlled Mechanical Test Lab at the
Advanced Engineered Wood Composites (AEWC) Center, at the University of Maine.
The rate of crosshead loading was constant at 0.20 in/min. This rate was calculated based
on the rate equation given in the ASTM standard to obtain the recommended rate of
straining in the outer surface of the test specimen.
P
L /4

P
L /4

L /4

L /4

X

Z

Figure 4.2. Four-point flexure with ¼-point loading configuration.
The Digital Image Correlation (DIC) system was used to record both the mid-span
deflection and the full-field strain distribution during each test. A total of three cameras
were used during the testing. One camera was used in a 2-D mode, to monitor mid-span
deflection and in-plane strains, and the other two were used as a pair, in 3-D mode, to
record full-field strains on the top surface of the specimen. Schematics of the viewing
areas are shown in Figure 4.3. Photos taken by the DIC system cameras during a typical
test are shown in Figure 4.4.
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2-D

P

P

3-D view for failure observation
including failure-surface and throughthickness locations
2-D view for beam deflection

3-D

Figure 4.3. Schematic of the 2-D and 3-D camera observation areas during flexural
testing.

a)

b)

c)
Figure 4.4. Images from the DIC cameras showing the specimen field of view,
a) 3-D left camera, b) 3-D right camera, and c) 2-D camera.
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The DIC system was calibrated prior to testing. Once the cameras were calibrated,
the system was able to recognize the speckle pattern and track the motions and strains on
the surfaces relative to its original state at the start of the test. Uniform lighting was used
to illuminate the specimen surface and minimize shadows from the fixturing.
During the test, the system was capturing pictures at a frequency of 1 hertz. The
selection of this sampling rate for the image acquisition was determined such that
approximately 200 photos were taken per test. This sampling was more than sufficient to
obtain the desired increment in strain during each load step without increased
computation time. The computation time was the time needed, after the test was
concluded, for the system to correlate the left and right photos for each sampling period
and yield the full-field strain of the specimen surfaces relative to the original state of the
specimen just prior to loading. The typical computation time was 5 minutes.
4.7

Full-Field Strain Recognition
As previously mentioned, the DIC system recognized a mesh on the surface of the

specimen. Since the specimen was prepared with a speckle pattern of black and white,
each pixel in the mesh is defined by its gray intensity. The system recognizes a set of
pixels, defined as a pixel neighborhood, in a square region. Each square pixel
neighborhood is defined as a facet. The facet size can be set by the user in reference to
the number of pixels that define the edge of the square. The facet size used in the study
was 15 pixels. In addition, the distance between two facets is defined as the facet step,
similarly, defined by the number of pixels. For this study, the facet step was taken to be
13 pixels.
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4.7.1

Strain Computation
During the test process, the DIC system snapped images at a frequency set by the

operator. For every snap, the DIC system captured a pair of images, one from the left
camera and one from the right camera, which represented a stage of loading. Once the
test was completed, the images were stored on an external hard drive. The strain
computation of the specimen starts with the system recognizing a single facet on all of
the images. Once the facets were recognized, the DIC system compared each image to the
reference image which was usually the image taken at the start of the test. The
comparison was done by taking each facet from the image and comparing it to the same
facet in the reference image and calculating the strains of each facet by measuring the
relative change in position of its 8 neighboring facets, for a computation base of 3. The
strains computed represented the deformation of each facet in the x-direction, εx, in the ydirection, εy, and in-plane shear, γxy. In addition, the displacement vectors were calculated
to determine the amount of displacement each facet has moved. The system had the
capability of transforming the computed strains to any orthogonal coordinate system.
This transformation accounted for any misalignment of the cameras parallel (or
perpendicular) to the line of loading on the specimen. Compared to strain gages, the DIC
transformation enabled the operator to reduce errors produced by bonding the strain gage
at an angle with the line of loading on the specimen.
Once the strain was computed, full-field strains were generated for each stage
during the loading of the specimen. For the flexural study presented here, an area of the
full-field strain was selected on the top surface of the specimen in the gage section and
the mean strain from each stage was exported to build the stress-strain curve and obtain
the elastic properties of the material.
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4.7.2

DIC Parameters
The facet size, facet step, and computation base were controlled by the operator.

Each of these parameters affects the computation results and computation time
differently. These issues were discussed in detail in the prior study on marine composites
[1], so will not be discussed further except to say that the parameters were selected such
that the system noise was minimized.
4.7.3

Accuracy and Precision
A study was conducted comparing conventional strain measuring tools to the DIC

system [15]. The conventional strain measuring tools in the study were a resistive foil
strain gage and a linear extensometer. The study concluded that the DIC system produced
lower variation than, or as low as, the conventional strain measuring tools when testing a
tensile specimen. The DIC system resulted in measuring the elastic modulus and
Poisson’s ratio to within 2% of the expected values.
4.8

Discussion of Results
The results for the flexural strength and modulus for all the datasets in the study

are given in the plots of Figure 4.5. The values plotted are the mean strengths and
modulus for the eight specimens from each dataset, with the coefficients of variation
indicated by the error bars. The strength values ranged from 69.7-ksi for dataset B2 to
75.6-ksi for dataset E2. The modulus values showed more variability ranging from 3.59
Msi for dataset D2 to 4.14 Msi for dataset A2.
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Figure 4.5. Flexural strength and modulus results for each dataset.
As an example of the variability within a dataset, the load-deflection and stressstrain results are plotted in Figure 4.6 for a typical set of material coupon test specimens.
The variability that is evident in the load deflection curves is a result of the slight
differences in specimen width and thickness. This variability is nearly eliminated in the
stress strain curves, as evidenced by the tighter clustering of the curves, because the
specimen dimensions are incorporated into the flexural stress calculations.

Figure 4.6. Typical force-deflection and stress-strain plots for a set of test specimens.
A comparison of the measured strain results, obtained using the DIC system, with
the calculated strain value, obtained using the equation from Section 13.5 of ASTM
D7264 are presented in the plot of Figure 4.7 and in Table 4.1. Included in the table is the
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3.5

ASTM Calculation

DIC Measurement

3.0

2.53
2.19
2.51
2.24

2.47
2.15
2.40
2.05

1.0

2.56
2.22
2.57
2.21

1.5

2.53
2.06
2.76
2.28
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2.24
2.07
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Strain (%)

2.5
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D2

E1
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Specimen Data Set

Figure 4.7. Measured (DIC) and calculated (ASTM) strains for each material coupon
dataset.
Table 4.1. Strain results for the material coupon flexure tests.
Dataset

3‐D DIC
Strain

ASTM
Strain

Strain

ID

%

%

%

A1
A2
B1
B2
C1
C2
D1
D2
E1
E2
Mean
CV

2.07
2.06
2.15
2.05
2.22
2.21
2.06
2.28
2.19
2.24
2.16
4.0

2.24
2.38
2.47
2.40
2.56
2.57
2.53
2.76
2.53
2.51
2.49
5.5

‐7.8
‐15.5
‐14.7
‐16.8
‐15.2
‐16.4
‐22.7
‐20.6
‐15.2
‐11.7
‐15.7

calculated error indicating the percent difference between the two strain values. The error
bars in the plot are ±1 standard deviation.
As indicated in Table 4.1 the range of DIC strains ranged from 2.05 to 2.28%,
while the strain range for the ASTM calculated value was 2.24 to 2.76%. The ASTM
value was larger then the DIC value for all datasets. The mean calculated ASTM strain
value was 15.7% larger than the mean measured DIC value (2.49% compared to 2.16%),
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while the Coefficient of Variation (CV) was a 1.5 percentage points higher for the ASTM
value.
The majority of the specimens failed in compression along the top surface,
usually followed by a delamination. The remainder of the specimens failed in
compression either near the center of the beam, or near one of the load-heads.
Approximately 90% of the failures were preceded by localized failures without any
measurable decrease in the applied load, which then led to a progressive failure with an
observable drop in load. The remaining specimens failed in a more catastrophic nature
without a preceding load drop.
After post processing of the DIC data, it was possible to observe localized strain
“hot spots” in the speckled region of the specimen. In some instances it was also possible
to observe localized resin crazing and progressive tow failure in the non-speckled region
of the upper surface of the flexure specimens. The ultimate failure normally occurred at
one of these observable hot-spots, or progressive failure locations on the top surface of
the flexure specimen.
The development of the strain field is shown in Figure 4.8 for a typical flexural
test specimen. As shown in the series of pictures, the top of the beam goes into
compression while the bottom of the beam experiences a tensile strain equal in magnitude
to the compressive side.
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Figure 4.8. Flexural strain distribution progression for a flexural test specimen.
As in the prior study on marine grade laminates [1], the full-field strain produced
by the system revealed high and low strain variations on the top surface of the specimen
in accordance with the weave pattern of the fabric used. The high strain values developed
on the tow regions of the fabric along the major strain direction of the specimen,
perpendicular to the load-heads. The low strain values developed either at resin rich areas
between tows, or on the tows perpendicular to the major strain direction, parallel to the
load-heads. It is this strain gradient pattern that results in the larger variability when using
conventional strain gages. Unlike the strain gage, which reports the strain in a small area
of the specimen, the DIC system allows the experimenter to choose the location that
presents a more representative strain result for the test specimen during failure.
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4.9

Conclusions and Recommendations
The full-field strain measurements provided by the DIC system for the flexure

tests demonstrated the benefits of using three-dimensional digital image correlation
photogrammetry technology for flexural testing. The DIC system was successful at
recording the mid-span deflections and photo documenting the flexure tests for further
review. The system also gave a detailed visualization of, and quantified, the stress
distribution on the top surface and through the thickness of the specimen.
The ability to obtain strain results in any orientation required, after the test is
complete, reduces the variability inherent in applying a fixed conventional strain
measuring device prior to testing. In addition to a reduction in experimental variability of
the material properties obtained, the advantages of the DIC system over conventional
strain measuring tools, include a reduction in specimen preparation time, fixture setup,
and cost per specimen.
The DIC system’s post processing capabilities allowed each individual test to be
reviewed when desired. This review introduced not only a means to inspect the formation
of the strain field, but also the ability to observe the nature of a progressive failure and a
method of visually identifying test errors.
The DIC full-field strain measurement system has again demonstrated that it is an
essential tool for determining material properties of marine composites reinforced with
relatively heavy woven roving that exhibit localized strain variations. As the technology
of photogrammetry and computer processing capabilities continues to improve, coupled
with the advancement in the resolution of digital cameras, the accuracy and precision of
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3-D DIC systems will follow suit leading to further reductions in the material property
variability caused by data acquisition methods.
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CHAPTER 5
EFFECT OF PREFORM CONSOLIDATION ON FRACTURE TOUGHNESS OF
MARINE GRADE POLYMER MATRIX COMPOSITE MATERIALS
FABRICATED WITH A VARTM PROCESS

5.1

Abstract
The effect of fiber preform consolidation on Mode-I fracture toughness of

composite laminates was investigated. Woven roving E-glass/vinyl-ester composite
plates were fabricated with a pliable-bag VARTM process using consolidation pressures
and consolidation times commonly incorporated when fabricating marine grade polymer
composite parts. This study investigated the range of 0.85 to 0.98 bar (25 to 29 in-Hg) for
consolidation pressure, and a consolidation time range of 1 to 5 hours. The general trend
at the lower consolidation pressures was that shorter consolidation times produced larger
onset fracture toughness values and smaller propagation fracture toughness values, while
longer consolidation times produced smaller onset fracture toughness values and larger
propagation fracture toughness values. There was not a consistent effect at the higher
pressure. There was no correlation found between the global fiber volume fraction of the
specimens and the fracture toughness properties.
5.2

Introduction
In recent years, the Navy has shown increased interest in ship construction using

advanced fiber reinforced polymer (FRP) composites. This interest has been fueled by the
Navy’s continuing demand for vessels with reduced electronic and acoustic signatures
and the initiative to reduce total-ownership-cost (TOC), which requires mitigating the
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very high cost of maintenance on metallic ships. With an improved ability to affordably
construct large composite parts over the past 25 years, assisted particularly by advances
in resin-infusion processing [1], the promise of meeting the Navy’s demands may
become a reality in the near future.
While FRP manufacturing processes have advanced, questions remain regarding
the consistency of material properties for large composite parts [2,3]. The Navy favors
the vacuum assisted resin transfer molding process (VARTM) that incorporates a pliable
vacuum-bag and permeable flow media. It is favored due to its ability to inexpensively
fabricate large, quality, structural parts. The VARTM process has been investigated in
several studies over the past 15 years [4-9]. The parameters that have been shown to have
the greatest effect on composite mechanical properties include fiber preform
consolidation, resin chemistry and curing, fiber sizing, interphase formation, and postcure. A study to investigate the effects of fiber preform consolidation on the material
properties of marine grade composites is presented here.
Fiber consolidation can affect the finished laminate properties through variations
in laminate thickness [1,9], which directly affects the fiber volume fraction. This in turn
affects the mechanical properties of the laminate. Pre-compaction of the fiber also
influences the amount of consolidation pressure needed during infusion of the preform.
Dimensional variations due to pressure gradients of the vacuum affect permeability and
hence resin flow [9,11-13]. The main factors affecting fiber preform consolidation are
fiber type, consolidation pressure, consolidation duration, consolidation speed, and the
number of consolidation cycles [9,13-16]. While some studies have indicated that the
number of consolidation cycles has the greatest effect on the volume fraction for plain
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weave composites [13,17-19], the implementation of a repetitive multi-cycle
consolidation routine can be impractical for large marine composite parts.
It has been shown that changes occur in the geometry of the textile structure and
reorganization of the fiber network during preform consolidation [20-23]. The
redistribution of the fiber network can have an effect on both the resin flow during the
infusion [11,23-26] and the resulting material properties of the laminate [28-30],
including variations in interlaminar fracture toughness [31-33]. Breiling [29] found that
fiber nesting has the potential to create regions of stress concentration leading to reduced
material properties without a significant change in the constituent volume fraction of the
laminate. Compston [33] found that the global fiber volume fraction of the laminate was
not a consistent predictor of the interlaminar fracture toughness, but that the localized
fiber volume fraction in the region of the crack path and toughening mechanisms
governed the fracture toughness. Kim observed that thicker fabrics yield greater fracture
toughness due to fiber migration into the interply zones created by fabric nesting [34].
Cracks in the form of delaminations and disbonds are the most common defects
found in composite structures [3,35-36] These types of defects can occur during
manufacturing or during the operational life of the part, and are due to a lack of throughthe-thickness fiber reinforcement which creates planes of weakness between the layers of
the laminate. With the recent emphasis towards risk reduction when fabricating large
composite parts [1], one of the Navy’s areas of interest has been on fully understanding
the effects of crack initiation and propagation in marine grade composite laminates [37].
The objective of the present study was to determine how preform consolidation
routines commonly used during laminate fabrication affect the Mode-I fracture toughness
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of marine grade polymer composites. This study is part of a larger project sponsored by
the Office of Naval Research to investigate the causes of variability in material properties
of E-glass/vinyl-ester marine grade composites. The sources of variability being
investigated in the larger project include those due to manufacturing [38], post processing
[39], and testing of composites [40-41].
5.3
5.3.1

Experimental
Panel Fabrication
A marine grade FRP composite reinforced with woven roving was used in this

study. The FRP panels consisted of an E-glass/vinyl-ester system fabricated using a
pliable-bag VARTM process. The fiber reinforcement used was a Saint Gobain Vetrotex
E-324 woven roving with a weight per unit area of 814 g/m2 (24 oz/yd2). The fabric is a
plain weave with a tow spacing of 5.1 mm (0.2 in.) in the warp direction, and 6.4 mm
(0.25 in.) in the fill direction. This results in 55% of the fiber orientated in the warp
direction and 45% in the fill direction. The polymer resin used was Ashland Derakane
8084, which is an elastomer-modified epoxy vinyl-ester resin.
The FRP panel dimensions were 610 mm x 965 mm (24 x 38 in.) and consisted of
ten layers of fabric reinforcement in a warps-parallel configuration, for a nominal
thickness of 6.4 mm (0.25 in.). The lay-up notation is [010]f, where the orientation
indicates the warp direction of the fabric. It is worth noting that the dimensions of the
panel were chosen with two goals in mind: 1) Select a panel size such that a complete
second set of specimens could be obtained from the panel if there were problems during
specimen preparation or testing of the original set, and 2) Select a single panel size that
could be fabricated during all phases of the larger study where additional material was
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needed for other types of testing. The first of these measures reduces the variability that
may occur during manufacturing by eliminating the need to re-fabricate panels. The
second measure eliminates the variability that may occur when fabricating different panel
sizes (i.e., thickness gradients), and allows the test results from one phase of the study to
be compared to the other without having panel size as a manufacturing variable.
An 89 mm (3.5 in.) wide strip of 0.0127 mm (0.0005 in.) thick virgin PTFE film
was placed at the mid-plane of the laminate along the edge of the panel where the
vacuum line was placed, as shown in the panel schematic in Figure 5.1. The PTFE film
provided the initial crack necessary for the Mode-I fracture specimens.
965
Vacuum Line

Warp Direction
Infusion Direction

89

610

Resin Line

All units in mm

Figure 5.1. Composite panel dimensions.
Three different vacuum infusion pressures combined with three different
consolidation times were investigated in the study. The three infusion pressures were
0.847, 0.914, and 0.982 bar (25.0, 27.0, and 29.0 in-Hg) and the three consolidation times
were 1, 2, and 5 hours. Noting that ambient pressure varies from day-to-day, the value of
0.982 bar (29.0 in-Hg) was chosen as the maximum instead of a “full-vacuum condition”
to ensure that the infusion pressure could be repeated for each of the infusions required at
the maximum vacuum pressure.
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The range of infusion pressures and consolidation times were chosen based on
discussions with industry fabricators and personnel from the Naval Surface Warfare
Center - Carderock Division (NSWC-CD), and were intended to encompass the range of
pressures and times encountered when fabricating marine composite laminates of varying
degrees of complexity.
The fabrication matrix is presented in Table 5.1. As seen in the table, three
replicates were fabricated for each of the nine combinations of infusion pressure and
consolidation time, resulting in a total of 27 panels fabricated during the study. As a
means of reducing the total number of infusion cycles performed, it was decided to infuse
three panels simultaneously, one at each of the three infusion pressures, but all at the
same consolidation time. This also reduced the possibility of variations due to the other
parameters like ambient conditions and resin recipe.

Table 5.1. Panel fabrication matrix.
Consolidation
Pressure (gage)

Panel Replicates for each
Consolidation Time Period

bar (in‐Hg)

1 hour

2 hours

5 hours

0.847 (25.0)
0.914 (27.0)
0.982 (29.0)

3
3
3

3
3
3

3
3
3

Preliminary panel infusion tests determined that a time of 45 min would be
sufficient to entirely wet-out the panels in the configuration that was used for the
infusions. The longer infusion time was required to properly wet-out around the PTFE
film. A resin catalyzing recipe was chosen that would provide a gel time of
approximately 1 hour 20 minutes. The catalyzing recipe consisted of 1.2% Trigonox 239
(Akzo Nobel) and 0.3% Cobalt 6% Naphthenate (Puritan Products). A single 55 gallon
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drum of Ashland Derakane 8084 vinyl-ester resin was used for all of the infusions to
eliminate resin batch as a variable.
An infusion pressure control system was implemented during the fabrication of
the composite panels in the study. The system was comprised of three precision pressure
transducers, three regulators, and a data acquisition system. This allowed the precise
control and monitoring of the three infusion pressures used during the infusion process.
During preform consolidation and infusion, the data acquisition system recorded data
every 5 minutes for ambient temperature, resin temperature, and vacuum pressure for
each panel.
The fabrication procedure that was used for all infusions was as follows.
 Lay up the fabric, and bag the three panels
 Pull vacuum on the 3 panels simultaneously
 Adjust regulators to stabilize pressures at desired magnitudes
 Hold vacuum for set time to consolidate fabric preform
 Add catalyzing recipe to resin 15 min before end of consolidation time
 At end of consolidation period, open resin lines to all three panels
 After the panels have wet-out, clamp off the resin and vacuum lines
The 27 panels were successfully infused during nine sets of infusions over a
period of 12 days in an environmentally controlled composites fabrication laboratory at
the AEWC Advanced Structures and Composites Laboratory at the University of Maine,
Orono, Maine. The infusion configuration that was used during fabrication is presented in
Figure 5.2. The results of the nine sets of panel infusions are presented in Table 5.2 in the
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a)

b)

Figure 5.2. Panel infusion setup: a) during consolidation and b) during infusion.
Table 5.2. Panel infusion summary.
Panel Set

Consolidation
Time

Resin Gel
Time

Ambient
Temperature

Mean Gage Pressure During Consolidation & Infusion
Panel 1
Panel 2
Panel 3

ID

h:min

h:min

°C (°F)

bar (in‐Hg)

bar (in‐Hg)

bar (in‐Hg)

IP‐1‐1
IP‐2‐1
IP‐5‐1

1:10
2:07
5:06

1:20
1:19
1:23

19.2 (66.6)
18.9 (66.0)
20.0 (68.0)

0.8467 (25.01)
0.8490 (25.07)
0.8476 (25.03)

0.9143 (27.00)
0.9164 (27.07)
0.9154 (27.04)

0.9818 (29.00)
0.9830 (29.03)
0.9839 (29.06)

IP‐1‐2
IP‐2‐2
IP‐5‐2

1:05
2:04
5:02

1:15
1:22
1:27

20.3 (68.5)
19.2 (66.6)
19.7 (67.5)

0.8471 (25.02)
0.8480 (25.05)
0.8471 (25.02)

0.9163 (27.06)
0.9157 (27.05)
0.9151 (27.03)

0.9798 (28.94)
0.9820 (29.00)
0.9827 (29.02)

IP‐1‐3
IP‐2‐3
IP‐5‐3
Average

1:00
2:00
5:00

1:30
1:16
1:21
1:21

20.0 (68.0)
21.4 (70.5)
21.0 (69.8)
20.0 (68.0)

0.8476 (25.03)
0.8474 (25.03)
0.8467 (25.01)
0.8475 (25.03)

0.9148 (27.02)
0.9155 (27.04)
0.9146 (27.01)
0.9153 (27.04)

0.9816 (28.99)
0.9831 (29.03)
0.9818 (29.00)
0.9822 (29.01)

order in which they were fabricated. In addition to the mean gage pressure applied to
each of the three panels during the consolidation and infusion, the table includes the
consolidation time, the resin gel time, and the mean ambient temperature for each of the
nine infusions. The mean infusion pressure for each panel infused was within 0.26% of
the target pressures presented in Table 5.1.
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After curing at room temperature for 24 hours, each panel was post-cured at 82ºC
(180ºF) for 4 hours. This temperature and duration for post-cure had been shown to be
appropriate for this material system at this thickness in an earlier phase of the study [39].
5.3.2

Testing
The tests conducted during the study included Mode-I fracture and constituent

volume fraction. The Mode-I fracture test was selected for this study since it was the
material property of primary interest, and the constituent volume fraction test was
selected since it is a good indicator of the effects of the consolidation of the preform. In
addition, Barcol hardness measurements were made on resin samples prior to, and after,
post-curing of the specimens as a means to verify the consistency of the post-cure process
on the resin in the specimens.
ASTM test standard D5528 [42] was used as the guideline for conducting the
Mode-I fracture tests. ASTM D5528 uses a double cantilever beam (DCB) configuration
for the test specimens. The dimensions of the DCB specimens used in this study were
25.4 mm x 152.4 mm (1.0 in. x 6 in.) with a nominal initial crack length of 49 mm (1.9
in.). The edge of each specimen was marked in 1-mm increments over a 55 mm (2.2 in.)
range which facilitated the identification of crack growth. A schematic of the specimen is
presented in Figure 5.3. A total of 12 specimens were cut from each panel in the region
indicated in Figure 5.4. As recommended in the standard, the Modified Beam Theory
(MBT) method was used to calculate the fracture toughness values. The Mode-I fracture
toughness properties computed in this study were the visual onset fracture toughness
(Gvis), the nonlinear onset fracture toughness (GNL), and the propagation fracture
toughness (Gprp).
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Initial crack created
with PTFE film
Loading
Hinge

25.4 mm
49 mm
Initial crack
length

55 mm grid to monitor
crack propagation

152.4 mm

Figure 5.3. Mode-I DCB fracture specimen schematic.

Top (vacuum line)
PTFE Film

Left

Mode-I Fracture
Specimen Region

Constituent Volume
Specimens

Right

Bottom (resin line)

Figure 5.4. Panel schematic showing specimen locations and orientation.
The specimens were tested on an Instron 25 kN (5.6 kip) servo hydraulic test
frame equipped with a 250 N (56.2 lb) load cell. The tests were conducted in
displacement control at a rate of 2.5 mm/min (0.1 in/min) without pre-cracking the
specimens. Crack onset was detected both visually (visual onset) and through the use of a
numerical routine to determine the point of nonlinear onset (NL onset). Visual detection
was performed using a digital image acquisition system, which collected data at a 1 Hz
sampling rate. The digital images were post-processed and examined for visual onset and
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crack growth increments of 1 mm or greater, and the load, displacement, and crack
growth at each occurrence were recorded. The NL onset was determined by locating the
point at which the load deflection (P-) curve became nonlinear. This was accomplished
by comparing the initial stiffness in the linear region of the curve with the tangent
stiffness of the curve as the test progressed. The initial stiffness of the P- curve was
obtained over a range approximately equal to 20% of the mean NL onset load of each
dataset. The initial 25% of the curve was not considered when determining the initial
stiffness due to settling of the fixture and nonlinear behavior of the P- curve at small
loads. The point at which the tangent stiffness differed from the initial stiffness by 5%
was taken as the point of NL onset.
The method used by Dharmawan [43] was used to compute the Mode-I
propagation fracture toughness values in this study. The method uses the region of the
resistance curve (R-curve), where the fracture toughness has stabilized, to compute the
mean propagation fracture toughness. The method produces a less conservative value for
propagation fracture toughness, because it discards the lower values of fracture toughness
computed prior to R-curve stabilization, but it is a repeatable method that leads to less
variability in the results.
ASTM test standard D2584 [44] was used to determine the constituent volume
fraction of the panel specimens. Eight specimens were cut from each of the panels as
indicated in Figure 5.4. The specimens were distributed around the panel to capture
spatial variations of the volume fraction resulting from the thickness gradients which
occur along the infusion direction [1,9,45]. The nominal specimen dimensions were 25.4
mm x 35.0 mm (1.0 in. x 1.38 in.) with a nominal mass of 11.0 grams (0.39 oz). The
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specimens were placed in a crucible in a muffle furnace at a temperature of 565ºC
(1049ºF) for a period of 2.5 hours, which prior experience with this material system had
shown to be sufficient for complete resin removal [38,40].
ASTM test standard D2583 [46] was used as a guide in conducting Barcol
hardness tests on the resin samples. Residual resin from each of the nine infusions was
retained for the purpose of hardness testing. This was used as a means to verify the
consistency of the material properties of the resin from panel-to-panel. Five samples from
each of the nine infusions were cut into 6.4 mm (0.25 in.) thick specimens. Fifteen Barcol
hardness measurements were taken on each specimen prior to, and after, post-curing the
specimens. The resin specimens were post-cured in an identical manner to that used on
the composite test specimens (82ºC for 4 hours).
5.3.3

Data Analysis Procedure
The data from each of the three replicate panels were grouped and treated as a

single dataset for the comparative analysis implemented for the constituent volume
fraction and Mode-I fracture test results. After verifying the normality of the dataset
distributions using the Anderson-Darling method, the mean and coefficient of variation
(CV) were computed for each material property investigated. The datasets were then
grouped by consolidation pressure and consolidation time to identify the effects on
material properties. As a means of determining if the results from each material property
dataset were statistically discernible for the different consolidation parameters
investigated, the k-sample Anderson-Darling (ADK) method was employed [47]. The
ADK test is a statistical procedure used to determine if the populations from which two
or more datasets were sampled from are identical. If the calculated ADK value for the
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dataset is less than the critical value, then one can conclude with a 2.5 percent risk of
being in error, that the groups were drawn from the same population. The ratio of the
computed value to critical value was calculated as a convenient means to determine the
level to which the datasets were similar or not. This ratio (ADK ratio) is tabulated and
presented with the mean and CV values for each dataset in the discussion of the results.
The Maximum Normed Residual (MNR) method was used to identify outliers. “A
value is declared to be an outlier if it has an absolute deviation from the sample mean,
which, when compared to the sample standard deviation, is too large to be due to
chance.” [47] Points identified as outliers were then examined to determine possible
reasons not to include them in the dataset analysis. While a handful of data points were
deemed to be outliers by the MNR method, valid reasons for excluding them from the
datasets could not be determined.
5.4
5.4.1

Discussion of Results
Barcol Hardness Results
The results of the Barcol hardness tests are presented in Table 5.3 and Figure 5.5.

The results indicate that the resin from each of the nine infusions equilibrated to a mean
Barcol hardness value of 36.3 after being post-cured, regardless of their state of hardness
prior to the post-curing process. In addition, there was a reduction in the CV for all of the
datasets. This indicates that the state-of-cure of the resin was consistent in all of the
specimens; therefore, the condition of the resin should not be a significant factor in the
variability of the Mode-I fracture results, and no correlation between the two was found.
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Barcol Hardness

Table 5.3. Barcol hardness results.
As Gelled

Post‐cured

Infusion
Resin Set

mean

CV

mean

CV

IP‐1‐1
IP‐2‐1
IP‐5‐1

21.6
25.8
25.6

20%
14%
11%

36.1
35.9
36.1

5%
11%
7%

IP‐1‐2
IP‐2‐2
IP‐5‐2

35.9
35.5
28.3

14%
11%
20%

36.1
36.3
36.5

10%
6%
6%

IP‐1‐3
IP‐2‐3
IP‐5‐3

25.6
26.9
27.6

18%
8%
7%

36.5
36.1
36.7

7%
3%
3%

Total

28.1

17%

36.3

0.7%

50
45
40
35
30
25
20
15
10
5
0

As Gelled

IP-1-1

IP-2-1

IP-5-1

IP-1-2

IP-2-2

IP-5-2

Post-cured

IP-1-3

IP-2-3

IP-5-3

Combined
Totals

Infusion Resin Set

Figure 5.5. Barcol hardness results plot.
5.4.2

Constituent Volume Fraction Results
The datasets were grouped to identify the effects of consolidation pressure and

consolidation time on the fiber volume fraction (FVF) results. Plots of the results,
grouped by consolidation pressure and consolidation time, are presented in Figures 5.6a
and 5.6b, respectively. It is worth noting that the FVFs were computed using a resin
density of 1.13 g/cm3 (0.653 oz/in3) and a glass density of 2.54 g/cm3 (1.47 oz/in3), and
that the data is plotted with a y-axis range of 40-60% for clarity. The FVF ranged from
52.9% to 54.6% while the CV ranged from 1.7% to 3.2%.
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54.0

54.6
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Set Avg

54.3

53.6

53.8

29 inHg

53.6

27 inHg

53.6

54.3

1 Hour

29 inHg

53.7

53.9
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52.9
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60
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50
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50
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46
44
42
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Consolidation Time

Consolidation Pressure

a)

b)

Figure 5.6. Fiber volume fraction results comparison: a) consolidation pressure grouping
and b) consolidation time grouping.
The ADK ratios for the FVF results are presented in Tables 5.4a and 5.4b for the
consolidation pressure and consolidation time dataset groupings, respectively. In addition
to the ADK ratios of the complete dataset comparison, the table includes ADK ratios for
subset comparisons. This provides direct comparison of the individual datasets.

Table 5.4. ADK Ratios for fiber volume fraction datasets: a) consolidation pressure
groupings and b) consolidation time groupings.
a)

b)

Subsets
Compared
1, 2, 5
1&2
1&5
2&5

Number of
Specimens
72
48
48
48

ADK Ratios
Pressure Datasets
25
27
29
1.27 1.15 0.58
0.23 0.83 0.72
1.05 1.34 0.38
1.62 0.43 0.23

Subsets
Compared
25, 27, 29
25 & 27
25 & 29
27 & 29

Number of
Specimens
72
48
48
48

ADK Ratios
Hold Time Dataset
1
2
5
1.55 0.37 0.62
1.17 0.39 0.35
0.36 0.13 0.65
1.86 0.31 0.46

ADK ratios greater than 1.0 indicate that the datasets in the comparison are statistically different.

As seen in Figure 5.6a and indicated by the ADK ratios greater than 1.0 in Table
5.4a for pressure dataset 25, the 5-hour consolidation time resulted in a statistically larger
value of FVF when compared to both the 1-hour and 2-hour consolidation times. The 5hour consolidation time resulted in FVFs that were 1.4% and 2.0% larger than the 1-hour
and 2-hour dataset values, respectively. The only other statistically discernible difference
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in FVF for the pressure datasets occurred between the 1-hour and 5-hour consolidation
times for pressure dataset 27 where the 5-hour consolidation time was 2.6% larger.
As indicated in Figure 5.6b and Table 5.4b, the only statistically discernible
difference in the FVF for the consolidation time dataset groupings occurred for the 1hour dataset where subset 29 was larger than subset 27 by 2.6%, and subset 25 was larger
than subset 27 by 1.8%.
The spatial distribution of the FVF in the panels was also investigated in this
study. The spatial distribution results for the dataset groupings are presented visually in
the plots of Figure 5.7 and numerically in Table 5.5. The orientation of the spatial
locations listed in the figure and the table refer to the orientations presented in Figure 5.4.
The FVF at each spatial location in the panel is the mean of the four FVF specimens in
that spatial location. It is worth noting that the infusion direction was from the bottom to

25 inHg

1 hr

29 inHg

2 hr

54.7

5 hr

Consolidation Time

Consolidation Pressure

a)

b)
Figure 5.7. Spatial distribution of fiber volume fraction: a) consolidation pressure
grouping and b) consolidation time grouping.
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53.9

54.3

Bottom

54.3

54.3

54.3

Top

53.0

53.8

53.6

Right

53.5

54.3

Left

53.1

53.8

Total

53.7

60
58
56
54
52
50
48
46
44
42
40

53.5

FVF (%)

54.5

53.5

54.0

54.0

27 inHg

Bottom

53.9

54.3

Top

53.0

53.8

53.6

Right

53.5

54.5

Left

53.5

54.1

Total

54.0

60
58
56
54
52
50
48
46
44
42
40

53.9

FVF (%)

the top.

Table 5.5. Spatial distribution of fiber volume fraction results.
Dataset Grouping

Fiber Volume Fraction (%)
Total

Left

Right

Top

Bottom

type

unit

mean

CV

mean

CV

mean

CV

mean

CV

mean

CV

Consolidation
Pressure

25
27
29
1
2
5

54.0
53.6
54.0
53.7
53.6
54.3

2.0%
3.0%
2.0%
2.5%
2.0%
2.5%

53.9
53.5
53.9
53.5
53.5
54.3

2.2%
2.5%
1.9%
2.4%
1.9%
2.1%

54.1
53.8
54.0
53.8
53.8
54.3

1.9%
3.5%
2.1%
2.6%
2.1%
2.9%

54.5
54.3
54.5
54.3
54.3
54.7

1.7%
2.8%
1.8%
2.5%
1.4%
2.3%

53.5
53.0
53.5
53.1
53.0
53.9

1.9%
2.7%
1.7%
1.9%
1.7%
2.5%

(in‐Hg)

Consolidation
Time
(hr)

NOTE: Each of the four spatial location results consist of 36 specimens and the “Total” result consists of 72 specimens.

As found in other studies, there was a noticeable difference in the FVF in the
infusion direction [1,45]. This is due to a relaxation of the fiber preform that starts after
the resin arrives at that location during the infusion and continues until fully relaxed, or
until the resin starts to gel. The consolidation pressure dataset groupings exhibited
differences of 1.0%, 1.3%, and 1.0% in FVF, between the top and bottom locations for
consolidation pressure datasets 25, 29, and 27, respectively. The consolidation time
dataset groupings exhibited differences of 0.8%, 1.2%, and 1.3% in FVF, between the top
and bottom locations for the 5-hour, 1-hour, and 2-hour consolidation time datasets,
respectively. Both of the consolidation dataset groupings also exhibited slightly larger
FVFs (0.1% to 0.3%) for the right side of the panel compared to the left side of the panel.
This was a result of the flow media used during the infusions, since the flow media had a
cross hatch pattern that permitted the resin to flow more easily to the left than to the right
resulting in a slight lag on the right side of the flow front, as seen in Figure 5.2a.
5.4.3

Mode-I Fracture Toughness Results
The Mode-I DCB specimens tested in this study typically produced P- curves in

one of two forms, as exhibited by the P- curves presented in Figure 5.8. There was not a
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Applied Load

Start of
Propagation

Arrest

Load-head Displacement - Crack Opening

Load-head Displacement - Crack Opening

a)

b)

Figure 5.8. Typical Mode-I fracture load-deflection curves: a) consistent load-drops and
b) variable load-drops.
direct correlation between the type of P- curve produced and the consolidation
procedure used during fabrication. Unlike unidirectional fiber composites, crack
propagation in heavy woven fabric composites is typically unstable, with the resulting
behavior described as run-arrest. As seen in Figure 5.8a, this is characterized by a
monotonic increase in load with minimal crack growth, followed by a sudden drop in
load when the crack propagates rapidly (runs) to a point where it stops (arrests). This
process repeats for the duration of the test, sometimes with a significant drop in load, as
displayed in Figure 5.8b. The run-arrest behavior has been attributed to the weave
structure [31,48-49]. Unstable fracture initiation has been observed at the edge of the
transverse tows, where the transverse tows act as a toughening mechanism [48]. In
addition, fiber bridging has been observed in woven roving specimens at warp and fill
intersections [31]. These points corresponded to the crack lengths at which unstable
fracture occurred, indicating that failure of the bridged fibers contributed to the instability
of the crack growth.
As the crack grew from the PTFE film insert, a resistance type fracture behavior
developed, with the fracture toughness increasing monotonically and then stabilizing as
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the crack propagated further. Resistance curves (R-curves) were generated to determine
the propagation fracture toughness of each specimen in the dataset. An R-curve plot for a
typical dataset is presented in Figure 5.9. The fracture toughness was computed for each
instance where the crack length grew by 1 mm or more. The points in the plot represent
the locations where the fracture toughness was computed for all 12 specimens in the
dataset. The mean value of the stabilized R-curve data for the 12 specimens is indicated
by the horizontal line in the middle of the data points. It is worth noting that the mean
propagation fracture toughness value for each specimen was weighted equally when
computing the mean value for the entire dataset, regardless of how many propagation
points occurred in the stabilized region for each specimen. A crack length of 57 mm (2.25
in.) was used as the starting point for stabilized propagation in all of the datasets.
Fracture Toughness GI, (J/m2)
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Figure 5.9. Typical Mode-I R-curve for a panel dataset.
A summary of the Mode-I fracture toughness test results is presented in Table 5.6.
The table includes the Mode-I results for visual onset, nonlinear onset, and propagation
fracture toughness. The mean visual onset fracture toughness ranged from 260 to 359
J/m2, while the CV ranged from 20 to 34%. The nonlinear method produced more
conservative onset fracture toughness results that ranged from 214 to 266 J/m2, but with
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Table 5.6. Mode-I test results for each dataset.
2

Dataset
Designation

Fracture Toughness (J/m )
Onset
Propagation
Visual

Non‐linear

Peak Load

Stiffness

(N)

(N/mm)

Visual

Fiber Volume
Fraction (%)

ID

mean

CV

mean

CV

mean

CV

mean

CV

mean

CV

mean

CV

25‐1

297

34%

258

37%

724

17%

98

9.9%

14.5

8.0%

54.5

1.6%

25‐2

264

28%

230

32%

730

17%

100

6.7%

14.5

3.7%

54.0

1.4%

25‐5

264

31%

214

41%

841

14%

102

5.4%

13.7

3.7%

55.0

1.7%

27‐1

296

24%

253

29%

720

16%

102

7.9%

14.1

4.3%

53.5

3.2%

27‐2

280

28%

227

27%

733

19%

101

6.6%

14.1

3.6%

54.7

1.4%

27‐5

260

26%

227

34%

736

14%

99

6.8%

14.2

3.6%

54.8

2.8%

29‐1

347

27%

266

23%

738

20%

96

6.6%

13.8

4.3%

54.8

2.0%

29‐2

359

20%

226

30%

822

15%

104

6.3%

14.1

5.3%

54.2

1.3%

29‐5

325

30%

266

38%

796

13%

102

5.5%

14.3

4.1%

54.3

2.1%

NOTE: Each of the nine datasets consisted of 36 fracture specimens and 24 fiber volume fraction specimens.

more variability than the visual method, since the CV ranged from 23 to 41%. The
propagation fracture toughness results ranged from 720 to 841 J/m2, with a CV range of
13-20%. The propagation results are less conservative than either of the two onset results;
however, the propagation values have much lower variability than the onset values, as the
propagation had an average CV of 17% compared to 28 and 32% for the visual onset and
nonlinear onset fracture toughness properties, respectively.
In addition to the three fracture properties, Table 5.6 includes the peak load
attained during the Mode-I test, the stiffness from the linear portion of the P- curve, and
the fiber volume fraction for each dataset. It is worth noting that the fiber volume fraction
results presented in the table are from the top of the panel, since this is the region of the
panel where the fracture specimens were located. There was no direct correlation
displayed between any of the six properties in the table.
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5.4.3.1

Consolidation Pressure Dataset Grouping of Fracture Data
The Mode-I dataset results, grouped by consolidation pressure, are presented

visually in the plots of Figure 5.10. The error bars in the plots are ±1 standard deviation.
It is worth noting that the scale of the y-axis for the propagation fracture toughness plot
(Figure 5.10c) is twice as large as the y-axis of the two onset fracture toughness plots
(Figures 5.10a and 5.10b). The mean and CV for the grouped datasets are presented in
Table 5.7. In addition to the three fracture properties, the table contains the results for the
peak load, the stiffness, and the fiber volume fraction of the grouped datasets. It is worth
noting that the fiber volume fraction results presented in the table are from the top of the
panel, since this is the region of the panel where the fracture specimens were located.
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Figure 5.10. Mode-I fracture toughness results for the datasets grouped by consolidation
pressure: a) visual onset (Gvis), b) nonlinear onset (GNL), and c) propagation (Gprp).
Table 5.7. Test results for consolidation pressure dataset groupings.
2

Dataset
Grouping

Fracture Toughness (J/m )
Onset
Propagation
Visual

Non‐linear
mean

CV

Visual

Peak Load

Stiffness

(N)

(N/mm)

mean

CV

mean

CV

Fiber Volume
Fraction (%)

in‐Hg

mean

CV

mean

CV

mean

CV

25

275

32%

234 38%

765

17%

100 7.6%

14.2 6.0%

54.0

2.0%

27

278

26%

235 30%

730

17%

100 7.2%

14.1 3.8%

53.6

3.0%

29

344

26%

253 32%

786

17%

100 7.0%

14.1 4.7%

54.0

2.0%

NOTE: Each of the 3 consolidation pressure datasets consisted of 108 fracture specimens and 72 fiber volume fraction specimens
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As seen in Figure 5.10a, the 5-hour consolidation time produced the smallest
mean visual onset fracture toughness in all three of the consolidation pressure dataset
groupings. The 1-hour consolidation time produced the largest mean nonlinear onset
fracture toughness in each of the consolidation pressure dataset groupings, as seen in
Figure 5.10b, while the 5-hour consolidation time produced the highest CV for the
nonlinear onset fracture toughness in each of the three consolidation pressure dataset
groupings. The general trend between groupings for the two onset fracture toughness
properties was that the mean increased with increasing consolidation pressure. While
there was not a definite trend in the mean propagation fracture toughness datasets, the 5hour consolidation time produced the lowest CV for the propagation fracture toughness in
all three consolidation pressure dataset groupings.
The results discussed above were strictly observed trends in the data and do not
take into account the statistics of the comparisons, which is addressed through the ADK
ratios. The ADK ratios for the Mode-I fracture toughness properties are presented in
Table 5.8 for the consolidation pressure dataset groupings.

Table 5.8. ADK results for consolidation pressure dataset groupings.
ADK Ratios
25 in‐Hg

27 in‐Hg

29 in‐Hg

Fracture Property
Vis
Nln
Prp

Fracture Property
Vis
Nln
Prp

Fracture Property
Vis
Nln
Prp

Subsets
Compared

Number of
Specimens

1, 2, 5

108

0.44

0.89

2.13

0.56

0.68

0.33

0.70

1.40

1.55

1&2

72

0.42

0.40

0.16

0.31

0.46

0.14

0.63

1.67

1.62

1&5

72

0.37

1.03

2.39

0.81

0.80

0.19

0.33

0.53

1.57

2&5

72

0.21

0.53

2.32

0.22

0.28

0.44

0.65

1.21

0.28

Vis ‐ visual onset

Nln ‐ nonlinear onset

Prp ‐ propagation

ADK ratios greater than 1.0 indicate that the datasets in the comparison are statistically different.
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As indicated by the ADK ratios greater than 1.0 in Table 5.8, statistically
discernible differences were produced for consolidation pressure dataset 25 between the
1-hour and 5-hour data subsets for both the nonlinear onset and the propagation fracture
toughness properties. The 5-hour subset value was 17% smaller than the 1-hour subset for
the nonlinear onset, and 16% larger for the propagation fracture toughness. An additional
statistically discernible result produced in pressure dataset 25 was between the 2-hour and
5-hour data subsets for the propagation fracture toughness, where the 5-hour subset value
was 15% larger. Statistically relevant differences were not produced in consolidation
pressure dataset 27 in any of the consolidation time subset comparisons for any of the
fracture toughness properties.
Statistically discernible results were produced for consolidation pressure dataset
29 for both the nonlinear onset and the propagation fracture toughness properties. In the
1-hour and 2-hour subset comparisons, the 2-hour subset was 15% smaller for the
nonlinear onset, and 11% larger for the propagation fracture toughness. In the 1-hour and
5-hour subset comparisons the 5-hour subset was 8% larger than the 1-hour for the
propagation fracture toughness. In the 2-hour and 5-hour subset comparisons, the 5-hour
subset was 18% larger for the nonlinear onset fracture toughness. The other result from
the consolidation pressure dataset groupings worthy of noting is that the visual onset
fracture toughness results did not produce any statistically discernible differences for any
of the subset comparisons.
5.4.3.2 Consolidation Time Dataset Grouping of Fracture Data
The Mode-I fracture toughness results for the datasets grouped by consolidation
time are presented visually in the plots of Figure 5.11. The error bars in the plots are ±1
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Figure 5.11. Mode-I fracture toughness results for the datasets grouped by consolidation
time: a) visual onset (Gvis), b) nonlinear onset (GNL) and c) propagation (Gprp).
Table 5.9. Test results for consolidation time dataset groupings.
2

Dataset
Grouping

Fracture Toughness (J/m )
Onset
Propagation
Visual

Non‐linear
mean

CV

Peak Load

Stiffness

(N)

(N/mm)

Visual

mean

CV

Fiber Volume
Fraction (%)

hours

mean

CV

mean

CV

mean

CV

mean

CV

1

313

29%

259 30%

728

18%

99

8.6%

14.2 6.1%

53.7

2.5%

2

301

28%

228 30%

762

18%

102 6.6%

14.2 4.4%

53.6

2.0%

5

283

31%

236 39%

791

14%

101 6.0%

14.1 4.1%

54.3

2.5%

NOTE: Each of the 3 consolidation time datasets consisted of 108 fracture specimens and 72 fiber volume fraction specimens.

standard deviation. It is worth noting that the scale of the y-axis for the propagation
fracture toughness plot (Figure 5.11c) is twice as large as the y-axis of the two onset
fracture toughness plots (Figures 5.11a and 5.11b). The mean and CV for the grouped
datasets are presented in Table 5.9. In addition to the three fracture properties, the table
contains the results for the peak load, the stiffness, and the fiber volume fraction of the
grouped datasets. It is worth noting that the fiber volume fraction results presented in the
table are from the top of the panel, since this is the region of the panel where the fracture
specimens were located.
Consolidation pressure subset 25 produced the greatest variability in all three
consolidation time dataset groupings for both of the onset fracture toughness properties,
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with an average CV of 32 and 38% for the visual onset and the nonlinear onset,
respectively. As seen in Figure 5.11a, consolidation pressure subset 29 produced the
largest mean visual onset fracture toughness in each of the three consolidation time
dataset groupings. The general trend between the groupings was that the onset fracture
toughness properties decreased with increasing consolidation time while the propagation
fracture toughness increased with increasing consolidation time.
The results discussed above for the consolidation time dataset groupings were
strictly observed trends in the data and do not take into account the statistics of the
comparisons, which is addressed through the ADK ratios. The ADK ratios for the Mode-I
fracture toughness properties are presented in Table 5.10 for the consolidation time
dataset groupings.

Table 5.10. ADK results for consolidation time dataset groupings.
ADK Ratios
1 hour

2 hours

Fracture Property

5 hours

Fracture Property

Fracture Property

Subsets
Compared

Number of
Specimens

Vis

Nln

Prp

Vis

Nln

Prp

Vis

25, 27, 29

108

1.04

0.43

0.25

3.21

0.26

1.45

1.35

1.07

1.76

25 & 27

72

0.30

0.16

0.08

0.19

0.20

0.40

0.23

0.50

2.30

25 & 29

72

1.29

0.54

0.25

4.25

0.23

1.37

1.19

1.13

0.58

27 & 29

72

0.90

0.33

0.22

3.16

0.21

1.61

1.66

0.81

1.09

Vis ‐ visual onset

Nln ‐ nonlinear onset

Nln

Prp

Prp ‐ propagation

ADK ratios greater than 1.0 indicate that the datasets in the comparison are statistically different.

The only statistically discernible difference for the 1-hour consolidation time
occurred between consolidation pressure data subsets 25 and 29 for the visual onset
fracture toughness, where the subset 29 value was 17% larger than the subset 25 value.
The 2-hour consolidation time produced statistically discernible results between
consolidation pressure subsets 25 and 29, and subsets 27 and 29 for both the visual onset
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and propagation fracture toughness properties. Subset 29 produced values that were 36%
and 13% larger than the subset 25 values for the visual onset and propagation fracture
toughness properties, respectively. Additionally, subset 29 produced values that were
28% and 12% larger than the subset 27 values for the visual onset and propagation
fracture toughness properties, respectively.
The 5-hour consolidation time produced statistically discernible differences
between consolidation pressure subsets 25 and 29 for both the visual onset and the
nonlinear onset fracture properties. Subset 29 was 23% larger than subset 25 for the
visual onset, and 25% larger than subset 25 for the nonlinear onset fracture toughness
properties. The 5 hour consolidation time also produced discernible results between
consolidation subsets 27 and 29 for the visual onset, where subset 29 was 25% larger, and
the propagation fracture toughness, where subset 29 was 8% larger. The difference
between consolidation pressure subsets 25 and 29 for the nonlinear onset fracture
toughness was the only discernible difference for the nonlinear onset fracture toughness
property among all of the consolidation time dataset grouping comparisons. The other
statistically relevant comparison for the 5-hour consolidation time occurred between
subsets 25 and 27 for the propagation fracture toughness, where subset 27 was 12%
smaller than subset 25. This was the only statistically discernible difference between
pressure subsets 25 and 27 for any of the consolidation time dataset grouping
comparisons.
5.5

Conclusions and Recommendations
The effects of commonly employed fiber preform consolidation practices on

Mode-I fracture toughness of composite laminates were investigated. Fiber volume
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fraction was used as a means to discern the effects on preform consolidation. The longer
consolidation times produced statistically discernible variations in the mean fiber volume
fraction (1.4 to 2.6% higher) for the panels fabricated at the two lower consolidation
pressures, but not for the panels fabricated at the higher consolidation pressure. Likewise,
the variation in consolidation pressure produced discernible effects of 1.8 to 2.6% on the
mean fiber volume fraction of the panels fabricated with the shortest consolidation time,
but not on the panels fabricated with the two longer consolidation times.
There was no correlation found between the global fiber volume fraction of the
panels and any of the three fracture properties computed in this study. This is similar to
what other studies have found where fracture toughness was sensitive to the localized
fiber volume fraction in the region of the crack tip and not to the global volume fraction
of the specimen [32].
Barcol hardness of the resin from all of the datasets equilibrated to a similar value
with a mean of 36.3 and a CV of 0.7% after post-curing, regardless of the state of
hardness prior to post-curing. It is safe to conclude from this, that the material state of the
resin should not have played a role in the variation of the fracture toughness properties,
and no correlation between the two was observed.
Variation of consolidation pressure for a fixed consolidation time produced
statistically discernible results for the visual onset fracture toughness property in each of
the three consolidation times investigated; however, variations in the consolidation time
for a fixed consolidation pressure did not produce any statistically discernible effects for
any of the consolidation pressures investigated. The trend was such that the highest
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pressure produced visual onset toughness values that were 17-36% larger than the lower
pressures for a fixed consolidation time.
Statistically discernible results were produced for the nonlinear onset fracture
toughness between the highest and lowest consolidation pressure data subsets, but only at
the longest (5-hour) consolidation time, where the higher pressure produced a toughness
value that was 25% larger. A few discernible results were produced for the nonlinear
onset fracture toughness for consolidation time variations within a fixed consolidation
pressure, but only within the upper and lower consolidation pressure groupings and with
no consistent trend. The magnitude of these differences ranged from -17 to 18%.
The nonlinear onset fracture toughness results were more conservative than the
visual onset fracture toughness results. In addition, the nonlinear onset had higher CV
than the visual onset fracture toughness. The computed Mode-I onset fracture toughness
produced results with CV in the range of 20-31% and 23-41% for the visual onset and
nonlinear onset properties, respectively. The large scatter in the onset fracture toughness
data is thought to result from the location of the initial crack front relative to the
transverse tows and the interply regions, which create the toughening mechanisms
discussed previously [50-51].
Variation of consolidation pressure for a fixed consolidation time produced
statistically discernible results in propagation fracture toughness for the two longer
consolidation time dataset groupings. While the longer consolidation times produced
larger propagation fracture toughness values as a whole, there was not a consistent trend
within each consolidation pressure grouping since the differences ranged from -12 to
13%. Variation in consolidation time for a fixed consolidation pressure produced
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statistically discernible results in propagation fracture toughness at the upper and lower
pressures, with the greatest difference occurring at the lower pressure; however, there
was not a definite trend among the groups as a whole, or within each consolidation
pressure subset where the differences ranged from 8 to 16%.
Overall, dataset grouping by consolidation time produced more statistically
discernible results than grouping by consolidation pressure, 10-out-of-27 versus 7-out-of27 comparisons, respectively. Additionally, the majority of those results, 5-out-of-10 and
4-out-of-7, were produced within the maximum consolidation time and maximum
pressure dataset groupings, respectively. The number of statistically discernible results
for the propagation, visual onset, and nonlinear onset fracture properties was 8, 5, and 4,
respectively. While the onset properties produced a greater number of observable trends
in the data than the propagation property, the larger coefficient of variation for the onset
properties (20-41% compared to 13-20% for propagation) resulted in fewer statistically
relevant results for the onset properties.
The general trend at the lower consolidation pressures was that shorter
consolidation times produced the maximum onset fracture toughness values but minimum
propagation toughness values, while longer consolidation times produced the minimum
onset fracture toughness values but maximum propagation fracture toughness properties.
Further study is recommended to investigate the inverse trend between the onset and
propagation fracture toughness properties.
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CHAPTER 6
EFFECT OF RESIN CURE RECIPE AND AMBIENT PROCESSING
TEMPERATURE ON THE MATERIAL PROPERTIES OF MARINE
GRADE POLYMER MATRIX COMPOSITE MATERIALS

6.1

Abstract
The effects of resin curing recipe and ambient processing temperature on the

mechanical properties of composite laminates were investigated. Woven roving Eglass/vinyl-ester composite plates were fabricated with a pliable-bag VARTM process
over a range of ambient temperatures and resin gel times commonly encountered when
fabricating polymer composite parts for the marine industry. Standardized tests for ModeI interlaminar fracture toughness, compression, constituent volume fraction, and Barcol
hardness were conducted. Interlaminar fracture toughness exhibited the most variability
among the measured properties. While there were few direct correlations between the
measured properties and the parameters in the study, there were several statistically
significant differences that could not be discarded as random, since they were consistent
among the replicate panels fabricated for each combination of parameters in the study.
6.2

Introduction
The recreational and commercial marine industry is an area where the vacuum

assisted resin transfer molding (VARTM) process has been used extensively for many
years to fabricate large composite structures. In recent years, the Navy has shown an
increased interest in using fiber reinforced polymer (FRP) composites for various parts of
ship construction. This interest is a result of the Navy’s effort to minimize electronic and
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acoustic signatures combined with a desire to reduce the high lifetime costs of metallic
ships. The ability to affordably construct large composite structures has improved over
the past 25 years, assisted by advances in resin-infusion processing [1-2], therefore, the
promise of meeting the Navy’s demands may become a reality in the near future.
Composite manufacturing methods continue to improve; however, questions still
remain regarding the consistency of the material properties in large composite structures
[3-6]. The Navy favors a VARTM process that incorporates a pliable vacuum-bag and
permeable flow media [6]. It is favored due to its ability to inexpensively fabricate large,
quality, structural parts [7]. The VARTM process has been investigated in several studies
over the past 20 years [5-13]. The parameters that have been shown to have the greatest
effect on composite material properties include fiber preform consolidation, resin
chemistry and curing, fiber sizing, interphase formation, and post-cure. A study to
investigate the effects of resin chemistry and gel time on the material properties of marine
grade composites is presented here.
Resin catalyzing additives affect the curing reaction through variations in the
magnitude of the peak exotherm and its duration [14-26], as well as degree of cure [14,
16, 18-19 21-23, 26-36]. The degree of cure directly affects the mechanical properties of
the resin through a reduction in strength, stiffness, and an increase in creep [37-38]. The
variations in catalyzing recipe and exotherm also produce variations in the microstructure
of the polymerized resin [23, 29, 31, 35, 39-43], which again affects the properties.
Another factor complicating the prediction of the resin polymerization is the
interaction of the resin with the fiber and the fiber sizing [44-55]. The resin/sizing
interaction creates an interphase region such that there is a property gradient from the
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surface of the glass fiber to the surrounding resin [49, 56-71]. The formation of this
interphase region is itself affected by the same variations that affect the resin
polymerization and is not completely understood [55, 70, 72-74]. Studies based solely on
neat resin reactions simply can not capture the full scope of the polymerization process
that occurs during composite material fabrication and its effect on the resulting material
properties [51].
Post-curing of the resin or composite part has been shown to increase (or
complete) the degree of cure of the part [75-77] and improve the material properties. This
results in an increased modulus and reduced creep, which can aid the fatigue life. While it
is generally agreed that some degree of post curing of the composite laminate is required,
the effects due to variations of the resin recipe are unclear.
The fact that the curing of these resins (and thus the resulting mechanical
properties) is affected in many different ways by the various interactions discussed,
seems to get lost when selecting a composite material as a design solution. The resin
manufacturers and the composite manufacturers themselves do not, and could not, have a
complete grasp of the exact effects on the mechanical properties of a fabricated
composite part when the exact nature and interaction of all the additives, sizings, and
curing conditions is still unknown.
The objective of this study was to investigate the effects on composite material
properties due to variations of resin recipe and ambient temperatures commonly
encountered when infusing polymer composites for the marine industry. The proposed
method is to evaluate relevant mechanical and physical properties to quantify the effects
of the processing parameters investigated. While a complete investigation of all the
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interactions that occur between the fiber and resin system during the infusion and curing
of a composite part are beyond the scope of this study; the study was undertaken with the
knowledge that these issues exist and with the intent of minimizing some of these effects
in an attempt to capture the effects on some of the common material properties. This
study is part of a larger project sponsored by the Office of Naval Research to investigate
the causes of variability in material properties of E-glass/vinyl-ester marine grade
polymer composites. The sources of variability being investigated in the larger project
include those due to manufacturing [78-79], post processing [38], and testing of
composites [80-81].
6.3
6.3.1

Experimental Methods
Panel Fabrication
A marine grade polymer composite reinforced with woven roving was used in this

study. The FRP panels consisted of an E-glass/vinyl-ester system fabricated using a
pliable-bag VARTM process. The fiber reinforcement used was a Saint-Gobain Vetrotex
E-324 woven roving with a weight per unit area of 814 g/m2 (24 oz/yd2). The fabric is a
plain weave with a tow spacing of 5.1 mm (0.2 in.) in the warp direction, and 6.4 mm
(0.25 in.) in the fill direction. This results in 55% of the fiber orientated in the warp
direction and 45% in the fill direction. The polymer resin used was Ashland Derakane
8084, which is an elastomer-modified epoxy vinyl-ester resin.
The FRP panel dimensions were 610 by 965 mm (24 by 38 in.) and consisted of
ten layers of fabric reinforcement in a warps-parallel configuration, for a nominal
thickness of 6.4 mm (0.25 in.). The lay-up notation is [010]f, where the orientation
indicates the warp direction of the fabric. It is worth noting that the dimensions of the
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panel were chosen such that a complete second set of specimens could be obtained from
the panel if there were problems during specimen preparation or testing. This reduces the
variability that may occur during manufacturing by eliminating the need to re-fabricate
panels. In addition, the same panel size was used throughout the entire larger study to
eliminate the variability that may occur when fabricating different panel sizes. This
allows a comparison of the results between all phases of the study without having panel
size as a manufacturing variable.
An 89 mm (3.5 in.) wide strip of 0.0127 mm (0.0005 in.) thick virgin PTFE film
was placed at the mid-plane of the laminate along the edge of the panel where the
vacuum line was placed, as shown in the panel dimensions schematic in Figure 6.1 and
the fabrication layup in Figure 6.2. The PTFE film provided the initial crack necessary
for the Mode-I fracture specimens. The other materials used for the panel layup shown in
Figure 6.2 were as follows:
 Peel Ply – 48 g (1.7 oz), 0.102 mm (0.004 in.) thick nylon (Northern Fiber
Glass Sales)
 Flow Media - Vip Infusion Flow R750 (Richmond Aircraft Products)
 Bleeder – 113 g (4 oz), 3.18 mm (0.125 in.) thick , non-woven polyester
(FibreGlast)
 Vacuum Bag – 0.051 mm (0.002 in.) thick nylon bagging film (FibreGlast)
 Exterior Tubing – 9.53 mm (0.375 in.) ID clear PVC tubing
 Interior Tubing – 12.7 mm (0.50 in.) OD Polyethylene spiral-cut cable wrap
(M. M. Newman Corp.)
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965
Vacuum Line

Warp Direction
Infusion Direction

89

610

Resin Line

All units in mm

Figure 6.1. Composite panel dimensions.

Lower Peel Ply

Resin Inlet

Upper Peel Ply

(exterior tubing)

Vacuum Line
(exterior tubing)

Spiral Tubing
(interior tubing)

Bleeder

Flow Media
Vacuum Bag

A

A

Woven Roving
(located between upper
and lower peel plies)

a)

Vacuum Bag
Flow Media
Spiral Tubing
Flow Media
Peel Ply (upper)
Woven Roving (5 layers)

Bleeder (4 layers)

Teflon Film
Infusion Table

Woven Roving (5 layers)
Peel Ply (lower)

b)
Figure 6.2. Panel layup: a) top view, and b) exploded view of section A-A.
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Three different ambient temperatures combined with three different gel times
were investigated in the study. The three target ambient temperatures were 15.6. 21.1,
and 26.7ºC (60.0, 70.0 and 80.0 ºF), which will be referred to as Low (Lo), Standard
(Sd), and High (Hi), respectively, in the tables, figures, and results discussions. The three
target gel times were 1.0, 2.5, and 6.0 hours. The ambient relative humidity was held at
50±5% for each of the three temperatures investigated. Noting that ambient pressure
varies from day-to-day, the value of 0.982 bar (29.0 in-Hg) was chosen as the infusion
pressure instead of a “full-vacuum condition” to ensure that the infusion pressure could
be repeated for each of the infusions. The range of ambient temperatures and gel times
were chosen based on discussions with industry fabricators and personnel from the Naval
Surface Warfare Center - Carderock Division (NSWC-CD). These ranges were intended
to encompass the range of temperatures and gel times commonly encountered when
fabricating marine composite laminates of varying degrees of complexity.
Three replicates were fabricated for each of the nine combinations of ambient
temperature and gel time, resulting in a total of 27 panels fabricated during the study. As
a means of reducing the total number of infusion cycles performed, it was decided to
infuse three panels simultaneously, one at each of the three gel times, but all at the same
ambient temperature. This also reduced the possibility of variations due to other
parameters like infusion pressure and consolidation time, which had been shown to affect
Mode-I fracture properties in a previous phase of the larger study [70].
The catalyzing recipes consisted of the following chemcials:
 Methyl Ethyl Ketone Peroxide, MEKP (Norox MEKP 925)
 Cobalt 6% Napthenate, Cobalt (Puritan Products)
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 N,N-Dimethylaniline, DMA (Puritan Products)
 2,4-Pentanedione, 2,4-P (J.T. Baker).
The nine dataset designations along with their respective catalyzing recipes used
in the study are presented in Table 6.1. The values listed in the table are based on the
percent of the mass of resin used during the infusion. The recipes were determined based
on consultation with Ashland, Inc. and verified with preliminary gel tests prior to panel
fabrication. Specifically, Ashland provided the recommended amounts of Cobalt, DMA,
and MEKP, while the exact amounts of 2,4-P were verified from gel tests, using 2 kg
batches of resin, conducted at each gel time and temperature. The 2,4-P was adjusted
until the gel times were within ±5, ±10, and ±20 minutes for the 1.0, 2.5 and 6.0 hour gel
times, respectively, at each ambient temperature.
Table 6.1. Target parameters for each dataset.
Fabrication Parameters

Resin Catalyzing Recipe

Dataset
Designation

Temperature

Gel Time

MEKP

Cobalt

DMA

2,4‐P

ID

°C (°F)

hr

%

%

%

%

Lo10

15.6 (60.0)

1.0

1.65

0.400

0.100 0.025

Lo25

15.6 (60.0)

2.5

1.65

0.400

0.100 0.100

Lo60

15.6 (60.0)

6.0

1.65

0.400

0.100 0.200

Sd10

21.1 (70.0)

1.0

1.50

0.300

0.050 0.000

Sd25

21.1 (70.0)

2.5

1.50

0.300

0.050 0.100

Sd60

21.1 (70.0)

6.0

1.50

0.300

0.050 0.250

Hi10
Hi25
Hi60

23.3 (80.0)
23.3 (80.0)
23.3 (80.0)

1.0
2.5
6.0

1.50
1.50
1.50

0.300
0.300
0.300

0.050 0.075
0.050 0.200
0.050 0.325

Master batches of the resin were prepared in 14 kg amounts for each gel time two
days in advance of manufacturing the three sets of panels at a given temperature. The
master batches were “pre-promoted” with the Cobalt, DMA, and 2,4-P. The master
batches were mixed by hand for 5 minutes after the addition of each chemical. Each
master batch contained enough resin to fabricate the three replicate panels required for a
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given gel-time at a given temperature. All of the resin, the glass fabric, and the chemicals
used for the catalyzing recipes came from single lots to avoid possible variations in lot
selection. It is worth noting that all items used during the infusion were allowed to
equilibrate in the ambient conditions under study for a period of not less than 48 hours.
A prior phase of the study had shown that a time of 45 minutes would be
sufficient to entirely wet-out the panels in the configuration that was used for the
infusions [79]. The longer infusion time was required to properly wet-out around the
PTFE film. An infusion pressure control system was implemented during the fabrication
of the composite panels in the study. The system was comprised of a precision pressure
transducer, a vacuum regulator, several thermocouples, humidity sensors, and a data
acquisition system. The system allowed for the precise control and monitoring of the
infusion pressure, the ambient conditions, and the resin temperature during the infusion
process. During preform consolidation and infusion, the data acquisition system recorded
data every five minutes for ambient temperature and humidity, resin temperature, and
vacuum pressure for each panel.
The fabrication procedure that was used for all infusions was as follows.
 Lay up the fabric and bag the three panels (as shown in Figure 6.2)
 Pull vacuum on the three panels simultaneously
 Adjust regulator to stabilize pressure at 0.982 bar (29 in-Hg)
 Hold vacuum at pressure for 2.5 hours to consolidate fabric preform
 Add catalyzing recipe to resin 15 min before end of consolidation time
 At end of consolidation period, open resin lines to all three panels
 After the panels have wet-out, clamp off the resin and vacuum lines
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The 27 panels were successfully infused during nine sets of infusions over a
period of 24 days in an environmentally controlled composites fabrication chamber at the
Advanced Manufacturing Center at the University of Maine, Orono, Maine. The threepanel configuration that was used during fabrication is presented in Figure 6.3. The
results of the nine sets of panel infusions are presented in Table 6.2. In addition to the
mean gage pressure applied to each of the three panels during the consolidation and
infusion, the table includes the resin gel time, the mean ambient temperature, and the
mean ambient relative humidity for each of the nine infusions. The mean infusion
pressure for each panel infused was within 0.33% of the target pressure.

a)

b)
Figure 6.3. Panel infusion setup: a) during consolidation, and b) during infusion.
Two issues are worth noting from the data in Table 6.2. The first is that the

environmental chamber was unable to maintain the 15.6ºC (60.0ºF) target temperature
due to the added thermal load from the presence of personnel during the infusion process;
therefore, the minimum maintainable temperature of 17.8ºC (64.0ºF) was used. The
second issue was that despite multiple successful gel tests for the 6-hour gel time at the
21.1ºC (70.0ºF) ambient temperature, the gel times varied from 7:45 to 9:00 hours during
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Table 6.2. Panel infusion summary.
Ambient Conditions
Temperature Humidity

Panel Set

Infusion
Pressure

ID

in‐Hg

°C (°F)

%RH

Lo‐1
Lo‐2
Lo‐3

0.9828 (29.02)
0.9836 (29.05)
0.9851 (29.09)

17.6 (63.6)
17.5 (63.5)
17.8 (64.1)

Sd‐1
Sd‐2
Sd‐3

0.9831 (29.03)
0.9828 (29.03)
0.9818 (29.00)

Hi‐1
Hi‐2
Hi‐3

0.9831 (29.03)
0.9835 (29.05)
0.9827 (29.02)

Resin Gel Time (hr:min)

52.2
51.6
51.4

10
1:06
1:14
1:05

Dataset ID
25
2:31
2:45
2:41

60
6:17
6:41
6:11

21.1 (69.9)
21.4 (70.6)
21.6 (70.8)

51.6
50.7
49.8

1:07
1:12
1:15

2:47
3:10
3:05

9:01
8:23
7:47

26.9 (80.4)
27.1 (80.7)
26.7 (80.1)

54.0
51.4
50.9

1:09
1:06
1:09

3:22
3:18
3:29

5:59
5:38
5:42

the actual panel infusions. The gel times for the other datasets were more consistent
among replicates and closer to their intended target gel times.
The panels were post-cured at 82ºC (180ºF) for 4 hours. This post-cure cycle had
been shown to be appropriate for this material system at this thickness and provided
consistent results in earlier phases of the study. [38, 78-79] All specimens were examined
prior to testing for visible defects due to manufacturing, or specimen preparation. In
addition to inspecting the exterior of the specimens, the inspection included backlighting
of the specimens. This would reveal macroscopic inclusions and voids produced during
manufacturing, and delaminations produced during specimen preparation.
6.3.2

Test Methods
The experimental testing conducted for the study included Mode-I fracture,

compression, and constituent volume fraction. The Mode-I fracture test was selected
since it was the material property of primary interest, and an indicator of the fiber/resin
interaction strength. The compression test was selected as a standard test that was
performed throughout the larger study, and the constituent volume fraction test was
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selected since it is a good indicator of the consistency of the consolidation of the preform,
and a general predictor of fiber dominated material properties. In addition, Barcol
hardness measurements were made on resin samples before and after post-curing of the
specimens, as a means to verify the consistency of the post-cure process on the resin in
the specimens [30, 82].
Mode-I fracture properties were obtained in accordance with ASTM test standard
D5528 [83]. ASTM D5528 uses a double cantilever beam (DCB) configuration for the
test specimens. The dimensions of the DCB specimens used in this study were 25.4 by
152.4 mm (1.0 by 6.0 in.) with a nominal initial crack length of 49 mm (1.9 in.). The
edge of each specimen was marked in 1-mm increments over a 55 mm (2.2 in.) range to
identify crack growth. A total of 12 specimens were cut from each panel in the region
indicated in Figure 6.4, using computer numerical control (CNC) water-jet abrasive
machining. As recommended in the standard, the corrected Modified Beam Theory
(MBT) method was used to calculate the fracture toughness, GI, as given by the equation:
GI 

3 P
F
2ba   

(1)

Top (vacuum line)
Mode-I Fracture
Specimen Region

Constituent Volume
Fraction Specimens

Left

PTFE Film

Compression
Specimens

Right

Bottom (resin line)

Figure 6.4. Panel schematic showing test specimen locations and panel orientation.
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Where P is the applied load,  is the load point displacement, b is the specimen
width, a is the crack length,  is a correction factor to account for beam rotation at the
crack front, and F is a correction factor to account for large deflections. The value of  is
determined empirically and is the x-axis intercept of a plot of the cube-root of the
specimen compliance versus a. The Mode-I fracture toughness properties computed in
this study were the visual onset fracture toughness (Gvis), the nonlinear onset fracture
toughness (GNL), and the propagation fracture toughness (Gprp).
The specimens were tested on a 25 kN (5.6 kip) Instron servo hydraulic test frame
equipped with a 250 N (56.2 lb) load cell and hydraulic grips. The tests were conducted
in displacement control at a rate of 2.5 mm/min (0.1 in/min) without pre-cracking the
specimens. Crack onset was detected both visually and through the use of a numerical
routine to determine the point of nonlinear onset (NL onset). The visual detection was
performed using a digital image acquisition system, which collected data at a 1 Hz
sampling rate. The digital images were post-processed and examined for visual onset and
crack growth increments of 1 mm or greater. The load, displacement, and crack length at
each of these occurrences was recorded. The NL onset was determined by locating the
point at which the load-deflection (P-) curve became nonlinear. The details of this
method were presented in a prior study [79, 84]. This method has been shown to produce
repeatable and consistent results for similar material systems.
The Mode-I propagation fracture toughness values were computed in this study
using the region of the resistance curve (R-curve) where the fracture toughness has
stabilized to compute the mean propagation fracture toughness [85]. The method
produces a less conservative value for propagation fracture toughness, because it discards
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the lower values of fracture toughness computed prior to R-curve stabilization; However,
it is a repeatable method and provides less variability in the results.
The compression properties of the composite specimens were obtained in
accordance with ASTM test standard D6641 [86]. A three-dimensional digital image
correlation (DIC) system was used to measure the strains on the test specimens during
testing. The DIC system provides the means to monitor a larger area of the specimen
during testing, as compared to conventional strain gages, which is advantageous when
testing heavy woven fabric composites [78, 80]. Twelve specimens were cut from each of
the panels in the region indicated in Figure 6.4, using CNC water-jet abrasive machining.
The test specimen size was 25.4 by 152.4 mm (1.0 by 6.0 in.). The length of 152.4 mm is
slightly longer than recommended in the standard and was chosen to allow more area of
the specimen to be observed by the DIC system. This length was shown to allow the
specimens to fail in compression while avoiding buckling failures [78, 80]. The
specimens were tested on a 100 kN (22.5 kip) Instron servo hydraulic test frame equipped
with a 100 kN (22.5 kip) load cell and hydraulic grips. The specimens were tested in
displacement control at a crosshead rate of 0.01 mm/sec (0.0004 in/sec). This resulted in
a test duration of approximately 5 minutes. Load and crosshead displacement data were
recorded at a sampling rate of 10 Hz on the Instron control computer and at 1 Hz on the
DIC system. This sampling rate has been shown to be sufficient in capturing the results at
this rate of straining in the compression specimens [78-80].
The constituent volume fraction properties of the specimens were obtained in
accordance with ASTM test standard D3171 [87]. Eight specimens were cut from each of
the panels as indicated in Figure 6.4, using CNC water-jet abrasive machining. The
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specimens were distributed around the panel to capture spatial variations of the volume
fraction resulting from the thickness gradients, which occur along the infusion direction
[1, 9, 88]. The nominal specimen dimensions were 25.4 by 35.0 mm (1.0 by 1.38 in.)
with a nominal mass of 11.0 grams (0.39 oz). The resin burn-off method was performed
in a muffle furnace at a temperature of 565ºC (1049ºF) for a period of 2.5 hours, which
prior experience with this material system had shown to be sufficient for complete resin
removal [78-81].
Barcol hardness properties of the resin samples were obtained in accordance with
ASTM test standard D2583 [89]. Residual resin from each of the nine infusions was
retained for this purpose. This was used as a means to quantify any variation of the
material properties of the resin from each infusion. Five samples from each of the nine
infusions were cut into 6.4 mm (0.25 in.) thick specimens. Fifteen Barcol hardness
measurements were conducted on each of the specimens before and after post-curing.
The post-cure procedure for the resin specimens was identical to that used on the
composite test specimens.
6.3.3

Data Analysis Procedure
The data from each of the three replicate panels were grouped and treated as

single datasets for the comparative analysis implemented for the constituent volume
fraction, the compression, and the Mode-I fracture test results. After verifying the
normality of the dataset distributions using the Anderson-Darling method, the mean and
coefficient of variation (CV) were computed for each material property investigated. The
datasets were then grouped by ambient temperature and gel time to identify the effects of
these variables on material properties. The k-sample Anderson-Darling (ADK) method
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[90] was used to determine if the results from each material property dataset were
statistically discernible for the different parameters investigated. This method was chosen
since it is the method recommended in the Composite Materials Handbook (MIL-17) to
screen for pooling of datasets. If the calculated ADK value for the dataset is less than the
standard critical value, then one can conclude with a 2.5 percent risk of being in error,
that the groups were drawn from the same population. The ratio of the computed value to
critical value was calculated as a means to determine the level to which the datasets were
statistically discernible. This ADK ratio is tabulated and presented for each dataset
comparison in the discussion of the results.
The Maximum Normed Residual (MNR) method was used to identify outliers
[90]. A few data points were identified as outliers by the MNR method in portions of this
study; however, valid reasons for excluding them from the data analyses were not
identified.
6.4
6.4.1

Discussion of Results
Barcol Hardness Results
The results of the Barcol hardness tests are presented in Table 6.3. The mean

Barcol hardness of the as-gelled resin ranged from 20.8 to 25.7. The post-cure results
indicate that the resin from each of the nine infusions equilibrated to a mean Barcol
hardness value between 33.5 and 36.1. There was a reduction in the CV for all of the
datasets between the as-gelled (10 to 26%) to the post-cured state (3.9 to 6.3%). The
variation in mean value of the Barcol hardness of the post-cured resin indicates that the
state-of-cure of the resin was not consistent in all of the specimens; therefore, the
condition of the resin could contribute to the variability of the material properties. While
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Table 6.3. Barcol hardness results.
Resin Set

As Gelled

Post‐cured

mean

CV

mean

CV

Lo10
Lo25
Lo60

25.5
23.7
25.4

10%
12%
10%

34.8
33.5
36.0

5.6%
4.9%
4.2%

Sd10
Sd25
Sd60

25.7
23.9
24.5

13%
18%
13%

36.1
35.4
35.3

4.3%
4.2%
6.1%

Hi10
Hi25
Hi60

21.1
22.8
20.8

26%
13%
18%

34.2
34.2
35.5

5.3%
6.3%
3.9%

Total

23.7

7.7%

35.0

2.6%

the difference between the maximum and minimum hardness of 7.2% may seem small,
prior studies by the author on the same resin system without variations in resin chemistry
produced variations of less than 2.5% [79].
6.4.2

Constituent Volume Fraction Results
The datasets were grouped to identify the effects of ambient temperature and gel

time on the fiber volume fraction (FVF) results. The results for the ambient temperature
and gel time dataset groupings are presented in the plots in Figure 6.5, and the ADK
ratios in Table 6.4. The FVFs were computed using a resin density of 1.13 g/cm3 (0.653
oz/in3) and a glass density of 2.54 g/cm3 (1.47 oz/in3). It is worth noting that the data in
Figure 6.5 is plotted with a y-axis range of 40-60% for clarity and that the error bars are
±1 standard deviation. The FVF ranged from 52.2% to 54.1% while the CV ranged from
1.5% to 3.0%. While the longer gel times tended to produce slightly larger FVFs for each
ambient temperature, as seen in Figure 6.5a, the ADK ratios in Table 6.4a indicate that
the subset comparisons for the high temperature dataset grouping, and the 1.0 hour and
6.0 hour subset comparison for the low temperature dataset grouping produced the
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54.0

53.1
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52.6

52.8

6 hours
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52.3

54.1
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53.0

FVF (%)
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54
52
50
48
46
44
42
40

6 hours

Gel Time

Ambient Temperature

a)

b)
Figure 6.5. Fiber volume fraction results comparison: a) ambient temperature dataset
groupings, and b) gel-time dataset groupings.
Table 6.4. ADK ratios for fiber volume fraction: a) ambient temperature dataset
groupings, and b) gel time dataset groupings.

a)

b)
ADK Ratios

Subsets
Compared

Number of
Specimens

1.0, 2.5, 6.0

216

ADK Ratios

Temperature Data Set

Gel‐Time Data Set

Lo

Sd

Hi

Subsets
Compared

Number of
Specimens

1.0

2.5

6.0

0.89

0.42

2.79

Lo, Sd, Hi

216

0.58

0.65

1.56
1.55

1.0 & 2.5

144

0.21

0.37

1.63

Lo & Sd

144

0.46

0.50

1.0 & 6.0

144

1.17

0.47

2.96

Lo & Hi

144

0.65

0.27

0.29

2.5 & 6.0

144

0.70

0.19

1.57

Sd & Hi

144

0.19

0.71

1.57

ADK ratios greater than 1.00 indicate that the datasets in the comparison are statistically different.

only statistically discernible results; however, they were not significant. The trend for the
longer gel times can be explained since longer gel times provide more time for the resin
to completely wet-out the fiber tows, and for gas bubbles from styrene boiling to rise out
of the laminate and into the flow media.
As seen in Figure 6.5b, the low temperature dataset produced the largest mean
FVF value within each of the gel time dataset groupings; however the ADK ratios in
Table 6.4b indicate that the only low temperature subset comparison that produced
discernible results was with the standard temperature subset at the 6 hour gel time. While
there were a couple of trends in the FVF results, as discussed above, there was no direct
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discernible correlation between the FVF and any of the parameters that were controlled
or measured during the study.
The spatial distribution of the FVF in the panels was also investigated in this
study. The spatial distribution results for the dataset groupings are presented in the plots
of Figure 6.6. The orientation of the spatial locations listed in the figure refers to the
orientation presented in Figure 6.4. The FVF at each spatial location in the panel is the
mean of the four FVF specimens in that spatial location. It is worth noting that the
infusion direction was from the bottom to the top; the data in Figure 6.6 is plotted with a

Low
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1 hour

Ambient Temperature

2.5 hours

53.8

53.4

53.7

53.6

Bottom

53.6

Top

52.8

53.4

53.4

53.1

Right

52.8

53.1

Left

51.8

52.7

Total

52.5

60
58
56
54
52
50
48
46
44
42
40

52.3

FVF (%)

53.3

52.9

53.2

53.1

Standard

Bottom

53.0

53.1

Top

52.2

52.8

52.6

Right

52.5

53.9

Left

53.0

53.8

Total

53.5

60
58
56
54
52
50
48
46
44
42
40

53.2

FVF (%)

y-axis range of 40-60% for clarity; and that the error bars are ±1 standard deviation.

6 hours

Gel Time

a)

b)

Figure 6.6. Spatial distribution of fiber volume fraction: a) ambient temperature dataset
groupings, and b) gel-time dataset groupings.
As found in other studies, there was a noticeable difference in the FVF in the
infusion direction [1, 9, 78-79]. This is due to a relaxation of the fiber preform that starts
after the resin front arrives at that position in the preform during the infusion and
continues until fully relaxed, or until resin gelation. The ambient temperature dataset
groupings exhibited differences of 1.6%, 1.8%, and 0.7% in FVF, between the top and
bottom locations for temperature datasets 60, 70, and 80, respectively. The gel time
dataset groupings exhibited differences of 2.4%, 1.0%, and 0.7% in FVF, between the top
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and bottom locations for the 1-hour, 2.5-hour, and 6-hour gel time datasets, respectively.
In both of the dataset groupings in Figure 6.6, longer gel times and higher temperatures
resulted in less spatial variability in the panels. Longer gel times allow more time for the
relaxation “gradient” of the preform to equilibrate, while the higher temperature reduces
the viscosity of the resin which allows for a quicker wetting of the preform at all gel
times, resulting in a smaller relaxation gradient across the length of the panel.
6.4.3

Compression Results

The compression strength test results for the ambient temperature and gel time dataset
groupings are presented in the plots in Figure 6.7, and the ADK ratios in Table 6.5. The
error bars in Figure 6.7 are ±1 standard deviation. The strengths ranged from 398 to 430
MPa (57.7 to 62.4 ksi), while the CV ranged from 5.6 to 8.9%. While there were general
trends of either increasing or decreasing strength within individual ambient temperature
or gel time dataset groupings, there was not a consistent trend across the datasets. In
addition, there was not a direct correlation between compression strength and any of the
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parameters in the study.
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b)
Figure 6.7. Compression strength results comparison: a) ambient temperature dataset
groupings, and b) gel-time dataset groupings.
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Table 6.5. ADK ratios for compression strength: a) ambient temperature dataset
groupings, and b) gel-time dataset groupings.
a)

b)

Subsets
Compared

Number of
Specimens

1.0, 2.5, 6.0

Strength ADK Ratios

Strength ADK Ratios

Ambient Temperature
Data Set Grouping

Gel Time
Data Set Grouping

Lo

Sd

Hi

Subsets
Compared

Number of
Specimens

1.0

2.5

6.0

324

1.05

0.55

1.52

Lo, Sd, Hi

324

2.40

0.43

0.59

1.0 & 2.5

216

0.87

0.20

0.61

Lo & Sd

216

0.84

0.40

0.72

1.0 & 6.0

216

1.37

0.34

2.16

Lo & Hi

216

3.69

0.34

0.56

2.5 & 6.0

216

0.41

0.76

0.75

Sd & Hi

216

1.26

0.21

0.14

ADK ratios greater than 1.00 indicate that the datasets in the comparison are statistically different

The compression modulus test results for the ambient temperature and gel time
dataset groupings are presented in the plots in Figure 6.8, and the ADK ratios in Table
6.6. The error bars in Figure 6.8are ±1 standard deviation. The modulus values ranged
from 28.2 to 29.7 GPa (4.09 to 4.31 Msi), while the CV ranged from 2.7 to 5.2%. There
was a trend in the data where the standard temperature dataset produced the largest
modulus value within each of the gel time dataset groupings; however, it was not
statistically significant. While there was not a direct correlation between the compression
modulus and any of the parameters that were measured or controlled in the study, the low
temperature dataset did produce the highest mean Barcol hardness value, which could
contribute to a higher modulus value for those datasets.
1 hour
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Figure 6.8. Compression modulus results comparison: a) ambient temperature dataset
groupings, and b) gel-time dataset groupings.
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Table 6.6. ADK ratios for compression modulus: a) ambient temperature dataset
groupings, and b) gel-time dataset groupings.
a)

b)

Subsets
Compared

Number of
Specimens

1.0, 2.5, 6.0

Modulus ADK Ratios

Modulus ADK Ratios

Ambient Temperature
Data Set Grouping

Gel Time
Data Set Grouping

Lo

Sd

Hi

Subsets
Compared

Number of
Specimens

1.0

2.5

6.0

324

1.17

0.41

0.18

Lo, Sd, Hi

324

2.25

1.08

2.03

1.0 & 2.5

216

0.86

0.44

0.21

Lo & Sd

216

1.49

1.07

2.75

1.0 & 6.0

216

1.74

0.32

0.15

Lo & Hi

216

0.85

0.12

0.45

2.5 & 6.0

216

0.27

0.18

0.07

Sd & Hi

216

2.57

1.43

1.41

ADK ratios greater than 1.00 indicate that the datasets in the comparison are statistically different

6.4.4

Mode-I Fracture Toughness Results
Crack propagation in heavy woven fabric composites is typically referred to as

unstable, with the resulting behavior described as run-arrest [91]. A typical P- curve for
Mode-I DCB specimens tested in this study is presented in Figure 6.9. As seen in the
figure, the curve is characterized by a monotonic increase in load with minimal crack
growth, followed by a sudden drop in load when the crack propagates rapidly (runs) to a
point where it stops (arrests). This process repeats for the duration of the test. The runarrest behavior has been attributed to the weave structure [91-95]. Unstable fracture often
initiates at the edge of the transverse tows, where the transverse tows act as a toughening
mechanism. These intersection points correspond to crack lengths where unstable fracture
occurs, which suggests that the failure of these bridged fibers and tows is the cause for
the instability of the crack growth [91].
As the crack grew from its initial location, a resistance type fracture behavior
developed, with the fracture toughness increasing monotonically before stabilizing as the
crack propagated further. Resistance curves (R-curves) were generated to determine the
propagation fracture toughness of each specimen in the dataset. An R-curve plot for a
typical dataset is presented in Figure 6.10. The fracture toughness was computed at each
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Figure 6.9. Typical Mode-I fracture load-deflection curve exhibiting run-arrest behavior.
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Figure 6.10. Typical Mode-I R-curve showing stabilized propagation.
instance where the crack length grew by 1 mm or more. The points in the plot are the
locations where the fracture toughness was computed for each specimen in the dataset.
The mean value of the stabilized R-curve data for the 12 specimens is indicated by the
horizontal line in the middle of the data points. The propagation fracture toughness value
for each specimen was weighted equally when computing the mean value for the entire
dataset. A crack length of 57 mm (2.25 in.) was selected as the starting point for
stabilized propagation in all of the datasets.
A summary of the Mode-I fracture toughness test results is presented in Table 6.7.
The table includes the Mode-I results for visual onset, nonlinear onset, and propagation
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Table 6.7. Mode-I fracture test results for each dataset.
2

Dataset
Designation

Fracture Toughness (J/m )
Onset
Propagation
Visual

Non‐linear

Peak Load

Stiffness

(N)

(N/mm)

Visual

Fiber Volume
Fraction (%)

ID

mean

CV

mean

CV

mean

CV

mean

CV

mean

CV

mean

CV

Lo10

345

40%

302

35%

995

14%

116

3.4%

15.0

0.9%

53.7

2.8%

Lo25

270

36%

281

35%

807

15%

113

5.2%

15.2

3.5%

53.7

2.6%

Lo60

346

47%

368

34%

1125 10%

118

4.5%

15.3

5.6%

54.3

2.5%

Sd10

305

25%

226

25%

860

14%

117

1.6%

15.3

3.0%

53.2

1.6%

Sd25

484

33%

335

43%

860

19%

114

5.4%

15.7

3.8%

53.1

2.3%

Sd60

404

34%

258

29%

872

22%

115

3.6%

15.1

2.5%

53.1

1.9%

Hi10

474

31%

374

33%

868

13%

108

2.6%

14.8

1.0%

52.6

2.3%

Hi25

400

27%

317

36%

836

16%

112

1.9%

14.2

3.3%

53.3

1.3%

Hi60

490

27%

307

31%

1016 17%

112

3.0%

13.8

4.4%

54.1

1.7%

fracture toughness. In addition to the three fracture toughness properties, Table 6.7
includes the peak load attained during the Mode-I test, the stiffness from the linear
portion of the P- curve, and the fiber volume fraction for each dataset. The fiber volume
fraction results presented in the table are from the top region of the panel, since this is the
region of the panel where the fracture specimens were obtained from. There was no direct
correlation displayed between any of the six properties in the table.
The mean visual onset fracture toughness ranged from 270 to 490 J/m2, while the
CV ranged from 25 to 47%. The nonlinear method produced more conservative onset
fracture toughness results that ranged from 226 to 374 J/m2, with a similar range in
variability (25 to 43%). The propagation fracture toughness results ranged from 836 to
1125 J/m2, with a CV range of 10-22%. The propagation results are less conservative
than either of the two onset results; however, the propagation fracture has a much lower
average variability (16%) compared to the visual onset (33%) or the NL onset (33%).
The Mode-I dataset results, grouped by ambient temperature, are presented in the
plots in Figure 6.11. The error bars in the plots are ±1 standard deviation. It is worth
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Figure 6.11. Mode-I fracture toughness results for the datasets grouped by ambient
temperature: a) visual onset (Gvis), b) nonlinear onset (GNL), and c) propagation (Gprp).
noting that the scale of the y-axis for the propagation fracture toughness plot (Figure
6.11c) is twice as large as the y-axis of the two onset fracture toughness plots (Figures
6.11a and 6.11b). The mean and CV for the grouped datasets are presented in Table 6.8.
In addition to the three fracture properties, the table contains the results for the peak load,
the stiffness, and the fiber volume fraction of the grouped datasets. The fiber volume
fraction results presented in the table are from the top of the panel, since this is the region
of the panel where the fracture specimens were located.

Table 6.8. Fracture results for ambient temperature dataset groupings.
2

Dataset
Grouping
Temp.

Fracture Toughness (J/m )
Onset
Propagation
Visual
mean

CV

Non‐linear
mean

CV

Peak Load

Stiffness

(N)

(N/mm)

Visual
mean

CV

mean

CV

mean

CV

Fiber Volume
Fraction (%)
mean

CV

Low

320

44%

317

36%

976

19%

115

7.6%

15.2

6.0%

53.9

2.6%

Standard
High

397
455

37%
29%

273
333

40%
34%

864
907

18%
18%

115
111

7.2%
7.0%

15.4
14.3

3.8%
4.7%

53.1
53.3

1.9%
2.1%

Each of the three ambient temperature dataset groupings consisted of 108 fracture specimens and 36 fiber volume fraction specimens

The very large CV exhibited by the onset properties are typical for heavy woven
fabric composite specimens that have not been pre-cracked, and are a result of the
variation in initial crack location and the unstable crack propagation issues discussed
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previously [95]. The general trend in the visual onset fracture toughness was that
laminates fabricated at higher ambient temperatures produced larger visual onset fracture
values; however, this trend was not consistent across all gel times. There was not a
consistent trend in NL onset or propagation fracture toughness properties with respect to
ambient temperature.
The ADK ratios for the Mode-I fracture toughness properties are presented in
Table 6.9 for the ambient temperature dataset groupings. In addition to the ADK ratios of
the complete dataset comparison, the table includes ADK ratios for subset comparisons.
This provides for direct comparison of the individual datasets. The visual onset and NL
onset both produced statistically discernible differences within each of the ambient
temperature dataset groupings; however, the complete dataset comparison at the low
temperature dataset grouping for the visual onset and the comparison at the high
temperature dataset grouping for the NL onset showed no statistical difference. This is a
result of the large CV for both of the onset datasets.

Table 6.9. ADK ratios for ambient temperature dataset groupings of fracture results.
ADK Ratios
Visual Onset

Nonlinear Onset

Propagation

Temperature Data Set
Lo
Sd
Hi

Temperature Data Set
Lo
Sd
Hi

Temperature Data Set
Lo
Sd
Hi

324

0.93

1.21

2.07

0.90

6.22

1.0 & 2.5

216

1.36

4.55

1.13

0.19

2.75

0.88

4.02

0.59

0.32

1.0 & 6.0

216

0.15

2.01

0.18

0.97

0.65

1.06

2.49

0.52

3.28

216

0.75

0.81

1.46

1.60

1.23

0.12

7.78

0.24

3.65

Subsets
Compared

Number of
Specimens

1.0, 2.5, 6.0

2.5 & 6.0

3.08

1.15

0.58

3.37

ADK ratios greater than 1.00 indicate that the datasets in the comparison are statistically different.

The Mode-I fracture toughness results for the datasets grouped by gel time are
presented in the plots of Figure 6.12. The error bars in the plots are ±1 standard deviation.
As in the previous plots, the scale of the y-axis for the propagation fracture toughness
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Figure 6.12. Mode-I fracture toughness results for the datasets grouped by gel time: a)
visual onset (Gvis), b) nonlinear onset (GNL), and c) propagation (Gprp).
plot (Figure 6.12c) is twice as large as the y-axis of the two onset fracture toughness plots
(Figures 6.12a and 6.12b). The mean and CV for the grouped datasets are presented in
Table 6.10. In addition to the three fracture properties, the table contains the results for
the peak load, the stiffness, and the fiber volume fraction of the grouped datasets. As in
the previous tables on fracture results, the FVF results presented are from the top of the
panel, since this is the region where the fracture specimens were located.

Table 6.10. Fracture test results for gel time dataset groupings.
2

Dataset
Grouping

Fracture Toughness (J/m )
Onset
Propagation
Visual

Non‐linear

Peak Load

Stiffness

(N)

(N/mm)

Visual

Fiber Volume
Fraction (%)

hours

mean

CV

mean

CV

mean

CV

mean

CV

mean

CV

mean

CV

1.0

375

38%

300

38%

907

15%

113

4.4%

15.0

2.2%

53.1

2.4%

2.5

385

39%

311

39%

834

17%

113

3.9%

15.1

5.3%

53.4

2.1%

6.0

413

38%

311

35%

1004 19%

115

3.9%

14.7

6.0%

53.8

2.2%

NOTE: Each of the three gel time dataset groupings consisted of 108 fracture specimens and 36 fiber volume fraction specimens

The overall trend for the two onset fracture toughness properties was that
laminates fabricated with longer gel times produced larger onset fracture values;
however, this trend was not consistent across all ambient temperatures. The correlation of
FVF of the visual onset dataset groupings is most likely coincidental, since previous
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studies have shown that the fracture properties are proportional to the FVF in the region
of the crack tip and not the global FVF of the specimen [96, 97]. In addition, the visual
onset property did not correlate to the FVF for the individual datasets.
There was not a consistent trend with respect to gel time for the propagation
fracture toughness property, nor was there a correlation to the ambient temperature within
the gel time dataset groupings. There was no correlation between the propagation fracture
toughness and any of the other parameters in the study.
The ADK ratios for the Mode-I fracture toughness properties are presented in
Table 6.11 for the gel time dataset groupings. Statistically discernible differences were
produced within both of the onset fracture property dataset comparisons, with the 2.5
hour dataset grouping within the NL onset being the only exception. The ADK ratios for
visual onset at the 1 and 6 hour dataset groupings support the observed trend that longer
gel times produced larger visual onset fracture values. The ADK ratios indicated
statistically discernible differences exists for the propagation fracture toughness within
the 1 hour and 6 hour gel time dataset comparisons; however, as previously indicated,
there was not a direct correlation to the parameters in the study.

Table 6.11. ADK ratios for gel time dataset groupings of fracture results.
ADK Ratios
Subsets
Compared

Number of
Specimens

Visual Onset

Nonlinear Onset

Propagation

Gel Time Data Set
1.0
2.5
6.0

Gel Time Data Set
1.0
2.5
6.0

Gel Time Data Set
1.0
2.5
6.0

Lo, Sd, Hi

324

3.28

4.76

2.08

3.45

0.40

2.02

2.55

0.73

3.42

Lo & Sd

216

0.78

5.53

0.74

1.95

0.46

2.57

2.76

0.94

4.65

Lo & Hi

216

2.01

4.16

2.83

1.11

0.38

0.83

2.69

0.36

1.42

Sd & Hi

216

4.88

1.01

1.23

5.04

0.11

1.18

0.08

0.41

1.77

ADK ratios greater than 1.00 indicate that the datasets in the comparison are statistically different.
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6.5

Conclusions and Recommendations
The effects of resin cure recipe and ambient temperature on the mechanical

properties of marine grade polymer composite laminates were investigated. Laminates
were fabricated under three ambient temperature conditions, 15.6, 21.1, and 26.7ºC (60,
70, and 80ºF), and using three different gel times (1.0, 2.5 and 6.0 hours). Compression,
Mode-I fracture, fiber volume fraction, and Barcol hardness tests were then conducted on
specimens prepared from the laminates.
The Barcol hardness results showed a variation in mean hardness of 7.2% from
maximum to minimum value, which is almost three times larger than previous values on
the same base resin system [79]. This would indicate that some variation due to
catalyzing recipe was present even after post curing of the specimens; however, a direct
correlation to the parameters under study could not be identified. The datasets fabricated
at 21.1ºC (70ºF) produced the largest mean value.
The compression tests produced statistically discernible strength results for a
couple of the dataset comparisons, but no consistent trends in the data were identified that
could be correlated to the parameters controlled, or measured, during the study. The
compression modulus results showed a trend with the 21.1ºC (70ºF) datasets producing
the highest values across all three gel times, which were corroborated by the ADK ratio
results. While this trend could not be directly correlated to parameters in the study, it was
similar to the trend in the Barcol hardness results.
The Mode-I fracture tests produced propagation toughness values (836-1125
J/m2) that were less conservative than either the visual onset toughness (270-490 J/m2) or
the NL onset toughness (226-374 J/m2); however, the propagation fracture toughness had
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a much lower average coefficient of variation (16%) compared to either the visual onset
(33%), or the NL onset (33%) fracture toughness properties.
The ambient temperature dataset groupings produced an overall trend where
higher ambient temperatures resulted in larger visual onset fracture toughness values;
however, this trend was not consistent across all gel times. There were no trends
produced for the NL onset or propagation fracture toughness properties for the ambient
temperature dataset groupings. The gel time dataset groupings produced an overall trend
where longer gel times resulted in larger visual onset fracture toughness values, which
was supported by the ADK ratio results for the 1 hour and 6 hour gel time dataset
groupings.
The Mode-I results produced overall trends in the visual onset fracture property,
with respect to gel time and ambient temperature, that were shown to be statistically
discernible differences. Additionally, there were statistically discernible differences for
both the NL onset and propagation fracture properties that could not be directly
correlated with the parameters in the study.
While there were several statistically discernible differences in the measured
properties investigated in this study, the magnitude of those changes were not as
significant as the changes produced due to preform consolidation routine [79], or when
using different manufacturers to produce the test panels [78]. This implies that the resin
system used during the study has a wide range of acceptable catalyzing recipe
formulations that will not greatly affect the overall performance of the final laminates. In
addition, it shows that quality control of the vacuum infusion parameters is more
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important to the final performance of the laminates than the catalyzing recipe or ambient
temperature during the infusion of the laminates.
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CHAPTER 7
EFFECT OF FIBER PREFORM CONDITIONING ON THE PROPERTIES OF
MARINE GRADE POLYMER COMPOSITES

7.1

Abstract
Woven roving E-glass fabric was conditioned at two different environments prior

to fabricating e-glass/vinyl-ester composite laminates to investigate mechanical property
variations due to fabric sizing degradation. The first environment was a control at 21°C
(70°F) and 50% relative humidity and the second was at 32°C (90°F) and 80% relative
humidity. The elevated temperature and humidity conditioning was meant to simulate
what could occur to fabric during the lay-up of a large part where the fabric could be
exposed to the ambient environment for an extended period of time prior to infusion.
Standardized testing for fiber volume fraction, compression, Mode-I fracture, and
Barcol hardness were performed on test specimens from each composite panel fabricated
for both of the environmental conditions. Barcol hardness exhibited the most variability
both within and between the conditioning datasets; however, this is typical for thermoset
polymers. Fiber volume fraction results were consistent with prior studies for this
material system with minor variations attributed to infusion variations and not related to
conditioning. Compression and Mode-I fracture properties were consistent with previous
studies and indicated no statistical variation between fabric conditioning. The results of
the testing indicate that the elevated conditioning had negligible effect on the material
properties investigated in this study.
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7.2

Introduction
E-glass fiber sizings are multipurpose coatings usually containing silane. The

intent of the coatings is aimed at protecting the fiber from damage during processing and
handling and increasing the quality of fiber-matrix adhesion [1], but they have also been
shown to produce gradients in material properties and affect processing conditions and
resin cure [2-5]. The chemical composition of the sizing can also influence the failure
properties and hygrothermal stability [6]. The composition of the sizings varies and has
been investigated by several authors [7], but most of the formulations are proprietary,
making repeated investigations difficult. Therefore, there is a lack of information
regarding mechanical properties and morphology of the sizing layer produced during
industrial processing. In addition, little has been established regarding the exact corrosion
mechanisms of sizings in various environmental conditions [8].
During the fabrication of large composite parts, fabric reinforcements can be
placed in the mold days or weeks prior to the actual infusion of the part, making them
susceptible to whatever the ambient conditions may be. Information on the effects of
moisture absorbed from the environment by glass fibers is hardly available in the
literature [9]. While it is known that fabric environmental storage conditions as well as
age, can affect sizings [10], degradation of the sizing layer due to environmental
exposure of the fabrics prior to composite fabrication has not been thoroughly
investigated.
In this study woven roving E-glass fabric was environmentally conditioned prior
to fabricating e-glass/vinyl-ester composite laminate panels to investigate possible
variations in composite mechanical properties due to degradation of the fabric sizing.
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7.3

Experimental Methods

7.3.1

Fabric Conditioning

The woven roving fabric was conditioned in an environmentally controlled chamber
at the Advanced Manufacturing Center at the University of Maine, Orono, Maine.
Conditioning a roll of E-glass fabric would have required a long period of time, since the
moisture diffusion rate through the tightly rolled layers of fabric would have been very
slow [11] and would not have resulted in uniform conditioning of the entire lot of
material required to fabricate the panels for each condition. To accelerate the exposure
rate and provide uniform conditioning [12], the fabric was cut from the roll and hung in
the chamber where it was constantly exposed to the chamber environment, as shown in
Figure 7.1. As seen in the figure, a layer of polyethylene vacuum bag material was placed
over the fabric. This minimized the exposure to dust and debris without preventing
exposure to the surrounding conditioned environment. The E-glass sheets were
conditioned in the chamber for ten days at the selected environment followed by three
days at 70°F and 50% RH. The conditioning matrix is presented in Table 7.1.

Figure 7.1. Fabric hanging in conditioning chamber.
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Table 7.1. Environmental conditioning matrix.
Dataset

Conditioning

Duration

Id

°C ‐ °F (RH)

Days

7050

21 ‐ 70 (50%)
21 ‐ 70 (50%)

10
3

9080

32 ‐ 90 (80%)
21 ‐ 70 (50%)

10
3

The first environment was a control at 21°C (70°F) and 50% relative humidity
and the second was at 32°C (90°F) and 80% relative humidity. The elevated temperature
and humidity conditioning was meant to simulate what could occur to fabric during the
lay-up of a large part where the fabric could be exposed to the ambient environment for
an extended period of time prior to infusion.
7.3.2

Panel Fabrication
The FRP panels consisted of an E-glass/vinyl-ester system. The reinforcement

was a Saint-Gobain Vetrotex E-324 woven roving with a weight per unit area of 814 g/m2
(24 oz/yd2). It is a plain weave fabric with a tow spacing of 5.1 mm (0.2 in.) in the warp
direction, and 6.4 mm (0.25 in.) in the fill direction. The polymer resin used was Ashland
Derakane 8084, which is an elastomer-modified epoxy vinyl-ester resin.
The FRP panel dimensions were 610 by 965 mm (24 by 38 in.) with a nominal
thickness of 6.4 mm (0.25 in.). The lay-up notation is [010]f, where the orientation
indicates the warp direction of the E-glass fabric. The dimensions of the panel were
selected such that a second set of specimens could be obtained from the panel if issues
arose with the original set of specimens during specimen preparation or testing. This
reduced the possibility of increased variability resulting from fabricating a 2nd set of
panels at a later date. Additionally, the same panel size was used throughout the entire
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larger study to allow a comparison of the results between all phases of the study without
having panel size as a manufacturing variable.
An 89 mm (3.5 in.) wide strip of 0.0127 mm (0.0005 in.) thick virgin
polytetrafluoroethylene (PTFE) film was placed at the mid-plane of the laminate along
the edge of the panel, as shown in Figure 7.2. The PTFE film provided the initial crack
length required for the Mode-I fracture test specimens.

Top (vacuum line)
P

Mode-I Fracture
Specimen Region

Constituent Volume
Fraction Specimens

Left

Compression
Specimens

Right

Bottom (resin line)

Figure 7.2. Schematic of panel indicating panel orientation and specimen locations.
Prior phases of the larger study indicated that a time of 45 minutes was sufficient
to entirely wet-out the panels; however, a gel time of 2.5 hours had been shown to
produce the most consistent results in properties and better dimensional uniformity [13].
The catalyzing recipe that provided a 2.5 hour gel time consisted of 1.5% MEKP 925
(Norox), 0.3% Cobalt 6% Naphthenate (Puritan Products), 0.5% DMA (Puritan
Products), and 0.1% 2,4-Pentanedione (J.T. Baker).
An infusion control system was implemented during the fabrication of the
composite panels which allowed for the precise control and monitoring of the infusion
pressure, the ambient conditions, and the resin temperature during the infusion process.
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The fabrication procedure that was used for all infusions was as follows.
 Lay up the fabric and place the PTFE film
 Bag the panel and pull vacuum
 Adjust regulator to stabilize pressure at 0.982 bar (29 in-Hg)
 Hold vacuum at target pressure for 2.5 hours to consolidate fabric preform [14]
 Add catalyzing recipe to resin 15 min before end of consolidation time
 At end of consolidation period, open resin line
 After the panel has wet-out, clamp off the resin and vacuum lines
Three replicates were fabricated for each of the two combinations of temperature
and relative humidity, for a total of six panels fabricated during the study. The panels
were fabricated over a period of eight days. All of the resin, the glass fabric, and the
chemicals used for the catalyzing recipes came from single lots. The panels were postcured at 82ºC (180ºF) for 4 hours, which had been shown to be appropriate for this
material system at this thickness in an earlier phases of the study [13-15].
7.3.3

Test Methods
The experimental testing conducted during the study included Mode-I fracture,

compression, constituent volume fraction, and Barcol hardness. The Mode-I fracture test
was selected as an indicator of the fiber/resin interaction strength [16-20]. The
compression test was a standard test that was performed throughout the larger study [1314] and has also been shown to indicate fiber matrix adhesion properties [21]. Constituent
volume fraction is a good indicator of the consistency of the consolidation of the preform,
and a general predictor of fiber dominated material properties [22]. Barcol hardness was
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used as a means to verify the consistency of the resin gelation after room temperature
curing and after the post-cure process [23-25].
Mode-I fracture properties were obtained in accordance with ASTM test standard
D5528 [26]. ASTM D5528 uses a double cantilever beam (DCB) configuration for the
test specimens. The specimen dimensions were 25.4 by 152.4 mm (1.0 by 6.0 in.) with an
initial crack length of 49 mm (1.9 in.). The edge of each specimen was marked in 1-mm
increments over a span of 55 mm (2.2 in.) to identify crack growth. Twelve specimens
were cut from each panel in the region indicated in Figure 7.2, using CNC water-jet
abrasive machining. The corrected Modified Beam Theory (MBT) was used to calculate
the fracture toughness, GI, as given by the Equation 1.
GI 

3P
F
2ba   

(1)

where:
P is the applied load,

 is the load point displacement,
b

is the specimen width,

a is the crack length,

 is a correction factor to account for beam rotation at the crack front, and
F is a correction factor to account for large deflections.
The Mode-I fracture toughness properties computed in the study were the visual
onset fracture toughness (Gvis), the nonlinear onset fracture toughness (GNL), and the
propagation fracture toughness (Gprp).
The specimens were tested on a 25 kN (5.6 kip) Instron servo hydraulic test frame
equipped with a 250 N (56.2 lb) load cell and hydraulic grips. The tests were conducted
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in displacement control at a rate of 2.5 mm/min (0.1 in/min) without pre-cracking the
specimens. Crack onset was detected both visually and through the use of a numerical
routine to determine the point of nonlinear (NL) onset. The visual detection was
performed using a digital image acquisition system, which collected data at a sampling
rate of 1 Hz. The digital images were post-processed to identify visual onset and crack
growth increments of 1 mm or greater. The load, displacement, and crack length at each
occurrence was recorded. The NL onset was determined by locating the point at which
the load-deflection (P-) curve became nonlinear. When implemented correctly this
method produces repeatable and consistent results [13, 14, 27].
The Mode-I propagation fracture toughness values were computed using the
region of the resistance curve (R-curve) where the fracture toughness had stabilized to
compute the mean propagation fracture toughness [28]. Using this method produces a
less conservative propagation fracture toughness value, because it discards the lower
values computed prior to R-curve stabilization; however, it produces less variability in
the results.
The compression properties were obtained in accordance with ASTM D6641 [29].
A three-dimensional digital image correlation (DIC) system was used to measure strain
during testing. The DIC system provides an advantage over conventional foil gages, since
it is able to monitor a larger area of the specimen during testing. This is advantageous
when testing heavy woven fabric composites [30, 31]. Twelve compression specimens
were cut from each of the panels in the region indicated in Figure 7.2, using CNC waterjet abrasive machining. The test specimen size was 25.4 by 152.4 mm (1.0 by 6.0 in.).
This length allows the specimens to fail in compression and provides a larger specimen
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viewing area for the DIC system [30, 31]. The specimens were tested on a 100 kN (22.5
kip) Instron servo hydraulic test frame equipped with a 100 kN (22.5 kip) load cell and
hydraulic grips. The specimens were tested in displacement control at a crosshead rate of
0.01 mm/sec (0.0004 in/sec). This produced a test duration of approximately 5 minutes.
Load and crosshead displacement data were recorded at a sampling rate of 10 Hz on the
Instron control computer and at 1 Hz on the DIC system. This sampling rate is sufficient
to capture the strain results in the compression specimens [14, 30, 31].
The constituent volume fraction properties of the specimens were obtained in
accordance with ASTM test standard D3171 [32]. Eight specimens were cut from each of
the panels, as indicated in Figure 7.2, using CNC water-jet abrasive machining. The
specimens were distributed around the panel to capture spatial variations of the volume
fraction resulting from thickness gradients, which can occur in the infusion direction [3335]. The nominal specimen dimensions were 25.4 by 35.0 mm (1.0 by 1.38 in.) with a
nominal mass of 11.0 grams (0.39 oz). The resin burn-off method was performed in a
muffle furnace at a temperature of 565ºC (1049ºF) for a period of 2.5 hours, which had
shown to be sufficient for complete resin removal [13, 14, 30, 31].
Barcol hardness properties of the resin samples were obtained in accordance with
ASTM test standard D2583 [36]. This was used as a means to quantify any variation of
the material properties of the resin from each infusion. Five samples from each of the six
infusions were cut into 6.4 mm (0.25 in.) thick specimens. Fifteen Barcol hardness
measurements were performed on each of the specimens before and after post-curing.
The post-cure procedure for the resin specimens was identical to that used on the
composite test specimens.
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7.3.4

Data Analysis Procedure
The data from each of the three replicate panels were grouped and treated as a

single dataset for the comparative analysis implemented. After verifying normality of the
dataset distributions using the Anderson-Darling method, the mean and coefficient of
variation (CV) were computed for each material property investigated. The k-sample
Anderson-Darling (ADK) method was used to determine if the results from each material
property dataset were statistically discernible for the two environmental conditions [22].
The ADK method is the method recommended in the Composite Materials Handbook
(MIL-17) to screen for pooling of datasets and was implemented throughout the different
phases of the larger study [14, 30]. If the calculated ADK value for the dataset is less than
the standard critical value, then one can conclude with a 2.5 percent risk of being in error,
that the groups were drawn from the same population. The ratio of the computed value to
critical value was calculated as a means to determine the level to which the datasets were
statistically discernible. This ADK ratio is tabulated and presented for each dataset
comparison in the discussion of the results.
The Maximum Normed Residual (MNR) method was used to identify outliers
[22]; however, there were no outliers identified in any of the datasets.
7.4
7.4.1

Results
Barcol Hardness Results
The results of the Barcol hardness tests are presented in the plot in Figure 7.3. The

plot includes the mean hardness value for each of the datasets, both before and after postcuring the specimens. The error bars are ±1 standard deviation. The statistical results for
the post-cured specimens are presented in Table 7.2. The table includes the mean, CV,
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Figure 7.3. Barcol hardness results.
Table 7.2. Barcol hardness statistical results.
Dataset

mean

CV

Id

#

%

7050
9080
Total

36.7
34.5
35.8

5.7
8.9
7.7

ADK
Ratio
2.09
4.13
2.87

Note: ADK ratios < 1 indicate no statistically discernible difference between datasets

and ADK ratio for each of the datasets as well as the combined results. The post-cured
hardness results were in the range of 34-37 with a CV of 5-9%, which is typical for this
resin system [13, 14]. The ADK ratios less than 1.0 indicate that the data is not from the
same population; however, the scatter in the data is typical for Barcol hardness testing of
thermoset polymers, due to the heterogeneity of the polymerized structure.
7.4.2

Constituent Volume Fraction Results
The results of the fiber volume fraction (FVF) tests are presented in the plot in

Figure 7.4, and the statistical results are presented in Table 7.3. The FVFs were computed
using a resin density of 1.13 g/cm3 (0.653 oz/in3) and a glass density of 2.54 g/cm3 (1.47
oz/in3). It is worth noting that the results in Figure 7.4 are plotted with a y-axis range of
40-60% for clarity, and that the error bars are ±1 standard deviation.
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Figure 7.4. Fiber volume fraction results.
Table 7.3. Fiber volume fraction statistical results.
Dataset

mean

CV

Id

%

%

7050
9080
Total

51.8
52.9
52.4

1.6
1.8
1.9

ADK
Ratio
0.30
1.35
2.10

Note: ADK ratios < 1 indicate no statistically discernible difference between datasets

As seen in the figure and table, the specimens in dataset 9080 had higher fiber
volume fractions than dataset 7050 (1.1 percentage-points on average), with both datasets
producing CV less than 2%. Dataset 9080-3 took 20% longer to wet-out the fabric
preform during infusion which is the most likely cause of the noticeably lower FVF for
that dataset as compared to the other two in that series. It also resulted in an ADK ratio
greater than 1.0 for the 9080 dataset grouping.
The spatial distribution of the FVF in the panels was also investigated in this
study. The spatial distribution results for the dataset groupings are presented in the plots
of Figure 7.5. The orientation of the spatial locations listed in the figure refers to the
orientation presented in Figure 7.2. The FVF at each spatial location in the panel is the
mean of the four FVF specimens in that spatial location. As in the previous figure, the
data is plotted with a y-axis range of 40-60% and the error bars are ±1 standard deviation.
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Figure 7.5. Spatial distribution of FVF results.
There was a noticeable, yet minor difference (0.9 percentage-points) in the FVF in
the infusion direction, which is of the same magnitude as found in previous studies [13,
14, 30]. This is a result of a relaxation of the fiber preform after the resin front arrives at
that position in the preform during the infusion and continues until fully relaxed, or until
resin gelation [34, 35]. It has been shown that shorter gel times produce larger variations ,
and longer gel times produce smaller differences for a fixed infusion length [13].
7.4.3

Compression Results
The strength and modulus results for the compression tests were normalized with

respect to panel thickness as recommended in MIL-HDBK-17F-1 for warps-parallel
laminates. This procedure accounts for variations in fiber volume fraction, due to
thickness variations, for fiber dominated material properties when the same fiber
reinforcement has been used for fabrication of the test laminates. A nominal thickness of
6.1 mm (0.24 in.) was used to normalize the results in this study.
The results of the compression tests are presented in Figures 7.6 and 7.7 for the
compression strength and modulus, respectively. The magnitude of the results were
similar with the results from prior phases of the study [13, 14], and there was not a
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Figure 7.6. Compression strength results.
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Figure 7.7. Compression modulus results.
statistically significant difference in the mean strength or modulus values between the
two datasets, as indicated by the ADK ratios less than 1.0 in Table 7.4. It is worth noting
that the lower FVF for dataset 9080-3 did not manifest itself in the compression results,
due to the thickness normalization procedure.

Table 7.4. Compression statistical results.
Dataset

Strength
mean
CV

Id

MPa

%

7050
9080
Total

428
418
423

7.4
7.3
7.4

ADK
Ratio
0.51
0.63
0.40

Modulus
mean
CV
GPa

%

28.0
28.1
28.0

3.9
3.1
3.5

ADK
Ratio
0.35
0.54
0.15

Note: ADK ratios < 1 indicate no statistically discernible difference between datasets
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7.4.4

Mode-I Fracture Toughness Results

Crack propagation in woven fabric composites is typically referred to as unstable,
with the resulting behavior described as run-arrest [37]. A typical P- curve for Mode-I
DCB specimens tested in this study is presented in Figure 7.8. As seen in the figure, the
curve is characterized by a monotonic increase in load with minimal crack growth,
followed by a sudden drop in load when the crack propagates rapidly (runs) to a point
where it stops (arrests). This process repeats for the duration of the test. The run-arrest
behavior has been attributed to the weave structure [37-40]. Unstable fracture often
initiates at the edge of the transverse tows, since the transverse tows act as a toughening
mechanism. These intersection points correspond to crack lengths where unstable fracture
occurs, which suggests that the failure of these bridged fibers and tows is the cause for
the instability of the crack growth [37].

Applied Load

Start of crack
propagation (run)

End of crack
propagation (arrest)

Load Head Displacement Crack Opening
-

Figure 7.8. Typical Mode-I fracture load-deflection curve exhibiting run-arrest behavior.
As the crack grew from its initial location, a resistance type fracture behavior
developed, with the fracture toughness increasing monotonically before stabilizing as the
crack propagated further. Resistance curves (R-curves) were generated to determine the
propagation fracture toughness of each specimen in the dataset. An R-curve plot for a
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typical dataset is presented in Figure 7.9. The fracture toughness was computed at each
instance where the crack length propagated by 1 mm or more. The points in the plot are
the locations where the fracture toughness was computed for each specimen in the
dataset. A crack length of 57.0 mm (2.25 in.) was selected as the starting point for
stabilized propagation for each of the test specimens. The mean value of the stabilized Rcurve data for the twelve specimens is indicated by the horizontal line in the plot. The
propagation fracture toughness value for each of the twelve specimens received equal
weighting when computing the mean value for the dataset.
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Figure 7.9. Typical Mode-I R-curve showing stabilized propagation.
A summary of the Mode-I fracture toughness test results is presented in Figure
7.10 and Table 7.5. The figure and table include the Mode-I mean results for visual onset,
nonlinear onset, and propagation fracture toughness. In addition to the mean and CV for
the three fracture toughness properties the table includes the ADK ratios for each dataset
and the combined results.
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Figure 7.10. Mode-I fracture toughness results.
Table 7.5. Mode-I fracture toughness statistical results.
Dataset
Id

7050
9080
Total

Visual Onset Toughness
mean
CV
ADK
Ratio
J/m2
%
411
17
0.62
392
29
1.01
402
24
0.48

NL Onset Toughness
mean
CV
ADK
Ratio
J/m2
%
288
27
0.33
252
36
0.62
270
32
0.74

Propagation Toughness
mean
CV
ADK
Ratio
J/m2
%
892
15
1.98
850
15
1.00
871
15
0.29

Note: ADK ratios > 1 indicate no statistically discernible difference between datasets

As seen in the table, and as in the previous phases of the study, the propagation
toughness produced the largest mean value and the lowest CV, while the NL onset
produced the most conservative toughness values and a relatively large CV. The large CV
exhibited by the onset properties are typical for specimens fabricated with heavy woven
fabrics that have not been pre-cracked, and are a result of the variation in initial crack
location and the unstable crack propagation issues discussed previously [38].
The large scatter in the data resulted in a statistical difference within dataset 7050
for the propagation toughness, as indicated by the ADK ratio of 1.98, and a couple of
ADK ratio values near 1.0 for the visual onset (1.01) and propagation toughness (1.00)
for dataset 9080.
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Dataset 9080 produced lower mean values than dataset 7050 for all three fracture
properties, but there was not a statistically distinguishable difference between the datasets
for the three fracture toughness properties and the values were within the same range as
what had been produced in previous studies for specimens fabricated with the same
material system under similar conditions [13]. In addition, there was not a visually
distinguishable difference in the degree of run-arrest response of the P- curves for the
two datasets which could indicate degradation in the sizing of the fibers [25].
7.5

Conclusions
Woven roving E-glass fabric was condition at two different environments for a

period of ten days prior to fabricating e-glass/vinyl-ester composite laminates (using a
vacuum assisted resin transfer molding process) to investigate possible mechanical
property variations due to fabric sizing degradation. The first environment was a control
at 21°C (70°F) and 50% relative humidity and the second was at 32°C (90°F) and 80%
relative humidity. The elevated temperature and humidity conditioning was meant to
simulate what could occur to fabric during the lay-up of a large part where the fabric
could be exposed to the ambient environment for an extended period of time prior to
infusion.
Standardized testing for fiber volume fraction, compression, Mode-I fracture, and
Barcol hardness were performed on test specimens from each of the three replicate
composite panels fabricated for both of the environmental conditions.
Barcol hardness exhibited the most variability both within and between the
conditioning datasets; however, this is typical for this type of test on thermoset polymers.
Fiber volume fraction magnitudes and spatial distributions were consistent with prior
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studies for this material system. Minor variations in fiber volume fraction were attributed
to infusion duration and not related to conditioning.
Compression strength and modulus values were consistent with previous studies
and indicated no statistical variation between fabric conditioning. The magnitudes of the
visual onset, non-linear onset and propagation fracture toughness properties from the
Mode-I fracture tests were also consistent with previous studies and showed no statistical
difference between fabric conditioning. There was however, a statistical difference
between individual panels within the 7050 conditioning dataset for the Mode-I
propagation fracture toughness property. The exact cause of this variability could not be
identified.
The results of the testing indicate that the elevated conditioning had a negligible
effect on the material properties investigated in this study. Since research by other
investigators has shown a degradation of fiber sizing due to environmental conditioning,
longer durations of conditioning should be investigated in the future.
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CHAPTER 8
VARIABILITY IN FLEXURAL RESPONSE OF E-GLASS/VINYL-ESTER
COMPOSITES FABRICATED USING THE VARTM PROCESS

8.1

Abstract
Despite advances in the Vacuum Assisted Resin Transfer Molding (VARTM)

manufacturing process, questions remain regarding the consistency of material properties
in large, fiber-reinforced polymer composite parts. In this paper, a parametric study
designed to examine the variability in flexural response of marine grade composites,
fabricated via a VARTM process, is presented and a method of data analysis is discussed.
The objectives of the study were: 1) to determine the specimen geometry and test
configuration for 25.4 mm (1.0 in.) thick woven fabric reinforced composite flexural
members, which result in a repeatable test method; and 2) to characterize the variability
in flexural strength and modulus. A three-dimensional digital image correlation (DIC)
system was used to record full-field strain measurements during the tests. The DIC
system allowed for through-the-thickness strain measurements to be recorded during
testing. The effects of load-head size, and shear deformations, on the stress distribution,
flexural strength, flexural modulus, and failure type were investigated.
8.2

Introduction
Despite advances in the Vacuum-Assisted Resin Transfer Molding (VARTM)

manufacturing process, questions remain regarding the consistency of material properties
in large, fiber-reinforced polymer composite parts. The study reported here is part of a
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larger project to investigate the variability in material properties of thick E-glass vinylester composites used for marine applications.
The sources of variability being investigated in the larger project include those
due to manufacturing, post processing [1], and testing of composites [2]. The prior study
on testing investigated the variability in tension, compression, and in-plane shear testing
of E-glass vinyl-ester composites. The parametric flexure study, currently underway, will
investigate the effects of span-to-thickness, width-to-thickness, and load-head size on the
variability in flexural strength, flexural modulus, and failure location of 12.7 mm (0.5 in.)
and 25.4 mm (1.0 in.) thick E-glass vinyl-ester composites. The use of a threedimensional digital image correlation (DIC) system to record full-field strain
measurements should allow the effects of shear deformations, on beam displacement, and
stress concentrations, at the load-head contact points, to be investigated.
The work reported here is the first phase of the flexure study and is intended to
investigate the variability in flexural strength, flexural modulus, stress distribution,
failure type, and failure location due to selection of load-head size. The use of a tabbing
material, between the specimen and the load/support points of the flexure fixture, was
also investigated. The results of this phase will be used to examine the effects of span-tothickness and width-to-thickness ratios in the next phase of the study.
8.3

Composite Material System Evaluated
The fiber-reinforced polymer (FRP) composite panels were made of E-

glass/vinyl-ester. They were fabricated using a VARTM process with the proprietary
Seemann Composites Resin Infusion Molding Process (SCRIMP) technology.
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The fiber reinforcement used was Saint Gobain Vetrotex 324, which is a plain
weave woven roving with a weight per unit area of 814 g/m2 (24 oz/yd2). The warp and
fill directions have 55% and 45%, respectively, of the total fiber weight. The tow spacing
is 5.1 mm (5 tows per inch) in the warp direction, and 6.4 mm (4 tows per inch) in the fill
direction.
The test panels consisted of 40 layers of fabric reinforcement with the warp
direction alternating (from 0 to 90 degrees) from layer to layer, for a nominal thickness of
25.4 mm (1.0 in.). The lay-up notation is [0/90]10sf, where the warp direction corresponds
to the principal material direction-1, and the fill direction to the principal material
direction-2, as shown in Figure 8.1. The polymer resin used was Ashland Derakane 8084,
which is an elastomer-modified epoxy vinyl-ester resin.

Figure 8.1. Woven roving coordinate reference system.
8.4

Specimen Preparation
The test specimens were cut from the panels to a nominal dimension of 38.1 mm

(1.5 in.) wide by 610 mm (24 in.) long, using a wet saw with a diamond coated blade.
The dimensions of each specimen were measured and recorded as per ASTM D5947 [3].
The specimens were then prepared for the Digital Image Correlation (DIC)
measurement system by applying a speckled grayscale pattern of paint to the side of the
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specimen as shown in Figure 8.2. In addition to providing the mid-span deflection
measurement this allows full-field strain measurements to be recorded through-thethickness of the beam during testing. Prior to testing, all specimens were conditioned at
23 ± 2°C and 50 ± 5% relative humidity, as outlined in ASTM D5229 [4].

Figure 8.2. Speckled grayscale pattern on face of specimen.
8.5

Experimental Setup
A 4-point flexural test configuration, with quarter-point loading, was used for this

investigation, as shown in Figure 8.3. A span-to-thickness ratio of 22-to-1 was used for
all of the tests. While the ASTM D6272 flexural standard [5] recommends ratios of 16,
32 or 40-to-1, the ratio of 22-to-1 was selected for two reasons. 1) The span ratio of 16to-1 was deemed to be too short for the material system and specimen thickness under
investigation, and 2) a size limitation of 610 mm (24 in.) existed, because the panels had
been fabricated before the flexural testing had been incorporated into the variability
study.
Six different load-head configurations were investigated during this study.
Specifically, 12.7 mm (0.5 in.), 25.4 mm (1.0 in.), and 50.8 mm (2.0 in.) diameter loadheads, with and without tabbing material, were investigated. The test specimen
configurations are presented in Table 8.1. These three diameters correspond to diameter-
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4-point Flexure
Fixture

100 kN Instron
Load Frame

DIC Camera for
Wide-angle View
DIC Camera for Closeup View at Load-head
Contact Point

Figure 8.3. Four-point flexure experimental setup.
Table 8.1. Flexural test matrix.

05LH
05TM

Load‐head
Diameter
Tabbing
mm (in)
Material
12.7 (0.5)
None
12.7 (0.5)
Tabbing

10LH
10TM

25.4 (1.0)
25.4 (1.0)

None
Tabbing

8
8

20LH
20TM

50.8 (2.0)
50.8 (2.0)

None
Tabbing

8
8

Specimen
Configuration
Id

Number of
Specimens
#

8
8

to-thickness ratios of 0.5, 1.0, and 2.0 for the 25.4 mm (1.0 in.) thick composite
specimens used in this study. Eight specimens were tested for each of the six
configurations. The material used for tabs between the load-head and the specimen was
25.4 mm (1.0 in.) wide by 1.6 mm (0.0625 in.) thick FRP tabbing material.
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The testing was performed on a 100 kN (22.5 Kip) servo-hydraulic Instron load
frame equipped with hydraulic grips, in an environmentally controlled test lab, at the
Advanced Structures and Composites Center, at the University of Maine, Orono, Maine.
The rate of crosshead loading was constant at 0.10 in/min. This rate was calculated based
on the rate equation given in section 10.1.4 of the ASTM D 6272 flexural standard.
A 3-D Digital Image Correlation (DIC) system was used to record the mid-span
deflection and the full-field strain distribution during each test. The system was used in a
2-D mode, with each of the two cameras observing a different location. The information
being sought, during this testing, was restricted to in-plane movements and strains of the
test specimen. The test configuration used in this study allowed for simultaneous 2-D
monitoring of two locations without the loss of critical data. A wide angle view recorded
the mid-span deflection and strain distributions throughout the viewing area, while the
close-up view allowed for a more detailed investigation of the stress distribution under
the load-head.
In addition to the load and displacement data, recorded during the tests, the load at
which the first audible sound, or the “crack load”, was recorded through operator
observation. Future testing will incorporate acoustic emission sensors to properly
quantify the crack load.
8.6

Data Analysis
The statistical analysis methods outlined in the Composite Materials Handbook

(MIL-HDBK-17F-1) for single point data were used to analyze the material property test
results in this study [6]. After verifying the normality of the dataset distributions using
the Anderson-Darling method, the mean and coefficient of variation (CV) were computed
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for each material property. As a means of determining if the results from each material
property dataset were statistically discernible for the load-head parameters investigated,
the k-sample Anderson-Darling (ADK) method was employed. If the calculated ADK
value for the dataset is less than the critical ADK value, then one can conclude (with a
2.5 percent risk of being in error) that the groups were drawn from the same population.
The ratio of the computed value to critical value was calculated as a means to determine
the level to which the datasets were statistically different. This ADK ratio is tabulated
and presented for each dataset comparison in the results that follow.
8.7

Discussion of Results
The test results for the six test configurations investigated in this study are

presented in Table 8.2. The table includes the mean and CV for the flexural strength and
flexural modulus of the six configurations. All of the datasets produced results with a
normal distribution. The results of the statistical analyses are presented in Table 8.3.
Table 8.3 includes the mean, CV, and ADK ratios for the datasets grouped by load-head
diameter, tabbing material, and all total datasets combined.

Table 8.2. Flexural strength and modulus results.
Specimen
Configuration

Strength
Mean
CV

Modulus
Mean
CV

ID

MPa (ksi)

%

GPa (Msi)

%

05LH
05TM

379 (54.9)
356 (51.7)

4.1
3.7

25.6 (3.72)
25.1 (3.65)

2.4
1.4

10LH
10TM

379 (54.9)
396 (57.4)

3.1
2.7

25.4 (3.69)
25.4 (3.68)

1.1
0.8

20LH
20TM

401 (58.1)
391 (56.7)

2.2
3.7

26.4 (3.83)
26.0 (3.77)

1.1
1.0
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Table 8.3. Statistical results for dataset groupings.
Grouping

Dataset

Mean

type

ID

MPa (ksi)

05
10
20
LH
TM
Total

Load‐Head
Diameter
Tabbing
Total

368
387
396
386
381
384

Strength
CV

(53.3)
(56.2)
(57.4)
(56.0)
(55.2)
(55.6)

Mean

ADK
Ratio
1.37
1.25
0.43
1.26
1.77
1.95

%

4.9
3.6
3.2
4.1
5.7
4.9

Modulus
CV

GPa (Msi)

25.4
25.4
26.2
25.9
25.5
25.7

%

(3.68)
(3.69)
(3.80)
(3.75)
(3.70)
(3.73)

2.1
0.9
1.3
2.2
1.8
2.2

ADK
Ratio
0.81
0.16
1.09
1.62
1.63
1.94

Note: ADK ratios < 1 indicate no statistically discernible difference between datasets

The flexural strength and modulus results were grouped by load-head diameter
and are plotted in Figures 8.4 and 8.5, respectively. The use of the 25.4 mm (1.0 in.),
versus the 12.7 mm (0.5 in.), load-heads had virtually no effect on the mean flexural
strength for the tests without tabbing material, but showed an 11% increase for the tests
with tabbing material. The CV had a 25% reduction both with and without the tabbing
material for the 25.4 mm (1.0 in.) load-heads compared to the 12.7 mm (0.5 in.) diameter
load-heads. The use of the 50.8 mm (2.0 in.), versus the 25.4 mm (1.0 in.), load-heads
had a 5.7% increase in the mean flexural strength for the tests without tabbing material,

434

63

372

54

310

45
36

248
186

379

379

356

396

401

391

27

124

18

62

9
0

0
05LH 05TM

10LH 10TM

20LH 20TM

Load‐Head Configuration

Figure 8.4. Flexural strength results.
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Flexural Strength (103 psi)

Flexural Strength (MPa)

but showed a 1.3% reduction for the tests with tabbing material.

4.06

24

3.48

20

2.90

16
12

2.32
25.6 25.1

25.4 25.4

26.4 26.0

1.74

8

1.16

4

0.58

0

Flexural Modulus (106 psi)

Flexural Modulus (GPa)

28

0.00
05LH 05TM

10LH 10TM

20LH 20TM

Load‐Head Configuration

Figure 8.5. Flexural modulus results.
The use of the tabbing material under the load-heads and supports resulted in
statistically discernible differences in strength, but not modulus, for the two smaller
load-head diameters. There was a 5.9% decrease in the mean flexural strength for the
12.7 mm (0.5 in.) load-head and a 4.5% increase for the 25.4 mm (1.0 in.) load-head. The
opposite was true for the 50.8 mm (2.0 in.) load-head where the use of tabbing material
resulted in a statistically discernible difference in modulus (-1.5%), but not in strength.
As seen by the ADK ratios in Table 8.3, all other dataset groupings produced
statistically discernible results, indicating that the change in load-head diameter and use
of tabbing material did affect the results. In general, the use of the tabbing material led to
less surface damage occurring under the load-heads, as presented in Figures 8.6-8.8. The
use of the tabbing material to help prevent failures near the load-head (within one loadhead diameter), was inconclusive. While the percentage of failures in the gage area
increased from 25 to 87.5% for the 12.7 mm (0.5 in.) load-heads, it remained unchanged
at 62.5% for the 50.8 mm (2.0 in.) and decreased from 50 to 25% for the 25.4 mm (1.0
in.) load-heads.
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Load-head Locations

Load-head Locations

Figure 8.6. Failed specimens - 05LH (left) and 05TM (right).

Load-head Locations

Load-head Locations

Figure 8.7. Failed specimens - 10LH (left) and 10TM (right).

Load-head Locations

Load-head Locations

Figure 8.8. Failed specimens. - 20LH (left) and 20TM (right).
The mean and CV for the crack loads and failure loads are given in Table 8.4 and
plotted in Figure 8.9. The ratio of crack load to failure load increased with increasing
load-head size, from 85% to 89%, for the tests without tabbing material. The same ratio
for the tests with tabbing material was larger, but showed slightly less variation at 94% to
210

Crack Load
Mean
CV

Failure Load
Mean
CV

Id

kN (lb)

%

kN (lb)

%

05LH
05TM
10LH
10TM
20LH
20TM

18.2 (4084)
19.0 (4280)
18.9 (4256)
21.1 (4750)
19.5 (4378)
20.9 (4701)

5.3
2.7
5.4
6.4
3.8
6.0

21.4 (4807)
19.8 (4447)
21.5 (4839)
22.5 (5064)
21.8 (4896)
21.6 (4863)

4.4
4.1
2.5
3.7
2.5
4.1

8

21.6

20.9

21.8

19.5

2700

22.5

12

21.1

3600
21.5

16

18.9

4500

19.8

20

19.0

5400

21.4

24

18.2

Load (kN)

Specimen
Configuration

1800

Crack Load
Failure Load

4

Load (lb)

Table 8.4. Crack and failure load results.

900

0

0
05LH

05TM

10LH

10TM

20LH

20TM

Load Head Configuration

Figure 8.9. Plot of crack and failure loads.
96%. The increase in ratio both with and without tabbing material is another indication
that damage at the load application points decreased with increasing load-head diameter.
Figures 8.10-8.12 show close up views of specimen failures, with the specimens
placed in the orientation that they were cut from the original panels. As seen in these
photos, cracks and failures occurred at the same locations in adjacent specimens
indicating a possible flaw location in the original panels at these locations. Without
pretest nondestructive evaluation data it is not possible to say with certainty that the
common failure locations were a result of panel flaws, but it is the author’s opinion that
failures occurring at the same location through three specimens (as seen in Figures 8.10
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and 8.11) greatly reduces the possibility of the damage occurring as a result of specimen
preparation.

Figure 8.10. Possible specimen flaw in 05LH series.

Figure 8.11. Possible specimen flaw in 05TM series.

Figure 8.12. Possible specimen flaw in 10TM series.
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The majority of the specimens failed in compression of the top surface followed
by a delamination, as shown in Figure 8.13. The remainder of the specimens failed in
compression either near the center of the beam, or at the load-head. 90% of the ultimate
failures were preceded by localized failures without a drop in the applied load leading to
an eventual progressive failure with a drop in load. The remaining 10% were of a more
catastrophic nature not preceded by a drop in load.

Figure 8.13. Typical failures of the flexure test specimens.
The stress distribution through-the-thickness of a typical beam can be seen in
Figure 8.14. As shown in the series of pictures, the top of the beam goes into
compression while the bottom of the beam experiences a tensile strain equal in
magnitude, but opposite in sign, to the compressive strain on the top of the beam.
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Epsilon-x
Strain Scale: ± 2%

Figure 8.14. Flexural strain distribution progression during testing.
8.8

Conclusions and Recommendations
A load-head diameter of 50.8 mm (2.0 in.), without tabbing material, resulted in

the highest mean and lowest CV for the flexural strength, for the six test configurations
investigated. This configuration also resulted in 62.5% of the failures occurring near the
load-heads. The tabbing material helped reduce the surface damage to the specimens but
showed less benefit at reducing failures near the load-heads for larger diameter loadheads.
The DIC system was successful at recording the mid-span deflections and photo
documenting the tests. The system also gave a detailed visualization of, and quantified,
the stress distribution through the thickness of the specimen. Further processing and
analysis of the data is necessary to distinguish the stress concentrations at the load-head
contact point. This is an area of ongoing work on the project.
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Based on the results of this study, a load-head diameter of 50.8 mm (2.0 in.),
without tabbing material, will be used in the next phase of the study to examine the
effects of different span-to-thickness ratios and width-to-thickness ratios, on the flexural
response of 25.4 mm (1.0 in.) thick E-glass vinyl-ester specimens.
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CHAPTER 9
DETERMINING THE FLEXURAL AND SHEAR MODULI OF FIBER
REINFORCED POLYMER COMPOSITES USING THREEDIMENSIONAL DIGITAL IMAGE CORRELATION

9.1

Abstract
A three-dimensional digital image correlation system was implemented into the

flexural tests of fiber reinforced polymer composite beams to characterize the shear
deformation. An optimization routine that minimized the error between the analytic and
experimental data was implemented with first-order shear deformation beam theory to
compute the flexural and shear moduli using the deflection and slope of the neutral axis
of the beam. A relatively coarse 814 g/m2 (24 oz/yd2) woven roving E-glass fabric and a
rubber-toughened vinyl-ester resin system were used to fabricate the 10.0 mm (0.38 in.)
thick laminates in a quasi-isotropic laminate configuration. Span-to-thickness ratios of 8,
12, 16, and 24-to-1 were adopted for the laminate beams at a width-to-thickness ratio of
1.5-to-1. The full-field displacement- and slope-optimization fitting methods were
compared with conventional discrete point methods to determine flexural and shear
moduli. The slope-optimization produced consistent and reasonable values for the
flexural modulus at all span-to-thickness ratios, but produced higher than expected values
for the shear modulus at shorter spans. The deflection-optimization produced more
variability in the flexural and shear moduli than the slope-optimization, and lower than
expected values of shear modulus at larger span-to-thickness ratios. Tests where higher
resolution images were used produced slightly larger values for shear modulus. Overall,
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the slope-optimization produced the least amount of variability in the results for the
flexural and shear moduli.
9.2

Introduction
Flexural and shear moduli of composite beams can be obtained by discrete-point

conventional methods during four-point flexure. Typically, these methods rely on
measuring beam deflections at two points (e.g., mid-span and under the applied loads)
and assuming first-order shear deformation theory (FSDT) to determine the flexural and
shear moduli. However, these methods are not sensitive enough to determine the shear
moduli. To overcome this limitation, full-field strain and position data collected with
non-contact digital image correlation (DIC) were acquired and utilized with optimization
routines to solve the inverse problem assuming FSDT to compute flexural (E) and shear
(G) moduli. This paper provides an insight to the potential, challenges, and limitations of
using full-field experimental data as part of a test method to determine elastic properties.
When computing material properties from flexural tests, the Euler-Bernoulli beam
theory is usually implemented. An assumption of this theory is that plane sections normal
to the neutral axis of the beam remain plane and normal to the neutral axis after flexure of
the beam. This assumption amounts to neglecting both transverse shear and transverse
normal strains, which implies that the deflection is entirely due to flexure. For most
materials this assumption does not pose an issue when computing flexural properties, as
long as a sufficiently large span-to-thickness ratio is incorporated into the test. Materials
such as laminated composites where G is significantly smaller than E, require longer
spans to avoid introducing significant deflections due to shear.
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In the FSDT theory for laminated composites, the transverse shear strain is
assumed to be constant through the thickness of the part. The inclusion of this basic form
of shear deformation removes the assumption of transverse normals remaining normal
after flexure of the beam. A more complete discussion of beam theories can be found in
Wang [1].
Four-point flexure of composite laminate beams was investigated in this study.
The general equations for transverse beam deflection, w, of an FSDT simply-supported
beam for the four-point loading condition as a function of longitudinal position, x, along
the beam are:





(1)





(2)

for 0 < x < a or (L-a ) < x < L

w1  x  

Px
Px
3 La  3a 2  x 2 
6 EI
kGA

for a < x < (L-a)

w2  x  

Pa
Pa
3 Lx  3 x 2  a 2 
6 EI
kGA

where:
P is the force applied to the beam
x is the position along the beam
L is the span between the support-heads
a is the distance between the load-head and support-head
E is the flexural modulus
G is shear modulus
I is moment of inertia of the beam
A is the cross-sectional area of the beam
k is the shear correction factor
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The equations for the slope, , of the neutral axis at any position, x, along the
beam are:
for 0 < x < a or (L-a ) < x < L 1 ( x )  dw1  x  
dx

for a < x < (L-a)

 2 ( x) 





P
P
3 La  3a 2  3 x 2 
6 EI
kGA

dw 2  x 
dx



Pa
3 L  6 x 
6 EI

(3)
(4)

Included in the FSDT formulation of the beam equations is the shear correction
factor, k. This factor is necessary to account for the difference between the assumed
linear response of the transverse shear stress through the thickness and the actual
transverse shear stress distributions. Several investigators have proposed methods for
obtaining the value of k, which normally range from 0.8 to 0.9; however, such an
investigation is not within the scope of the current work and a brief discussion of the
various investigations is included in Madabhusi-Raman’s work [2]. The lack of a known
value for k was dealt with in this study by using a value of 1.0 in the optimization routine
and presenting all results for shear modulus as kG.
For the study presented in this paper, equations 1-4 were implemented in the
optimization routine for the case of ¼-point loading (a = L/4). A schematic of the load
configuration is presented in Figure 9.1, and representative plots of the FSDT analytical
equations for the deflection, slope, moment, and shear for this loading configuration are
presented in Figure 9.2.
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Figure 9.1. Four-point flexure with ¼-point load configuration.
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Figure 9.2. FSDT analytical plots for four-point flexure with ¼-point loading.
As seen in Equations 1 and 2, the terms on the far right, which are proportional to
P/kGA, are the deflection of the beam due to shear, while the remainder of the equation is
the deflection due to flexure. For metals, the shear deflection terms are usually negligible
even for shorter spans, but for materials where G is small compared to E (like polymer
composites), these terms takes on greater meaning, especially at shorter spans. It can be
shown by solving Equations 1 and 2 for a material with E = 22.5 GPa and G = 3.2 GPa,
that the deflection at the mid-span due to shear is 7.4, 3.4, 2.0, and 0.9% of the total
deflection for span-to-thickness ratios of 8, 12, 16, and 24-to-1, respectively. Test
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standards for composite materials recommend using specimens with span-to-thickness
ratios of at least 32-to-1 for this loading configuration to avoid deflections due to shear
and permit the use of the simpler Euler-Bernoulli beam equations, which neglect the
shear terms in Equations 1-3.
Previous studies have been conducted to investigate the effect of shear deflections
and simultaneously measure the flexural and shear moduli; however, they have usually
employed discrete-point methods on a three-point flexure configuration [3-6]. Fischer [3]
computed E and G from the beam deflection equation by obtaining load deflection data
from a single beam tested at two different spans using three-point flexure. Bank [4] also
used three-point flexure with multiple spans, but he used a graphical approach by plotting
the linearized deflection equation and equating E and G to the slope and intercept,
respectively, of the plotted data. Browne [5] used three-point flexure and the deflection
equation in an investigation to determine alternative methods of measuring the shear
modulus. In addition to varying the span in his tests, he varied the beam thickness as a
means of changing the span-to-thickness ratio, and varied the moment of inertia (I) by
rotating the beam 90°. Other investigators have looked at the effects of transverse
compressibility and cross-section warping on the shear deflections in both three-point [6]
and four-point flexure [7-8].
The DIC method provides full-field strain and position data over the visible
imaging area during testing. It has been used for determining material properties in many
studies [9-13] and has shown that it is a useful method for measuring properties at
multiple scales [12] and under conditions that preclude more conventional techniques
[13]. As a non-contact technique, it allows for simplified experiment test setup and
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provides reduced specimen preparation time and reduced time between tests.
Additionally, the image acquisition process permits test review and post-processing long
after the time of testing which enables additional analysis to be conducted on the same
test specimens at a later date in time.
The DIC technique was implemented into this study with the objective of
simultaneously measuring the flexural and shear moduli of polymer matrix composite
beams during flexural testing. The ability to provide full-field position data was the
motive for its implementation. It is theorized that the incorporation of a continuum of
experimental data points for use in curve-fitting the FSDT equations through an
optimization routine can improve upon the more conventional discrete-point methods for
computing E and G.
9.3

Experimental Methods
A marine grade fiber-reinforced polymer (FRP) composite reinforced with woven

roving E-glass fabric was tested in this study. The FRP panels consisted of E-glass/vinylester constituents and were fabricated using a vacuum assisted resin transfer molding
(VARTM) process. The fiber reinforcement used was a Saint Gobain Vetrotex 324
woven roving with a weight per unit area of 814 g/m2 (24 oz/yd2), which is a plain weave
fabric with a tow spacing of 5.1 mm (5 tows per inch) in the warp direction, and 6.4 mm
(4 tows per inch) in the fill direction. The polymer resin used was Ashland Derakane
8084, which is an elastomer-modified epoxy vinyl-ester resin. This FRP system was
chosen since it was the material system under investigation in a larger study being
conducted by the authors on variability of material properties in marine grade composite
materials [14].
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The test panels consisted of 16 layers of the woven roving in a quasi-isotropic
configuration [0/±45/0]2S for a nominal thickness of 9.65 mm (0.380 in.). The test
specimens were cut from the panels to a nominal width of 38.1 mm (1.5 in.) and various
lengths using a wet-saw with a diamond coated blade. Prior to testing, all specimens were
conditioned at 23 ± 2°C and 50 ± 5% relative humidity for a minimum of one week. The
specimens were then prepared for the 3-D DIC measurement system by applying a
speckled grayscale pattern of paint to the side of the specimen as shown in Figure 9.3.
This allows full-field strain and displacement measurements to be recorded for the entire
observed area of the beam during testing.

Figure 9.3. Typical speckle pattern on the face of a test specimen.
An ARAMIS™ 3-D DIC system was used to record the full-field strains and
displacements on the test specimens during testing. The DIC system provides an
advantage over conventional strain and displacement sensors as it allows a larger area of
the specimen to be monitored during testing without the need to make physical contact
with the specimen. This is especially advantageous when testing composites fabricated
with heavy woven fabrics where strain gage size and placement can influence test results
[15], or when testing small specimens where space availability for instrumentation is an
issue.
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ASTM test standard D7264 [16] was used to conduct the flexural tests. The
specimens were tested in four-point flexure with a ¼-point load configuration, as shown
in the schematic in Figure 9.1, at span-to-thickness ratios of 8, 12, 16, and 24-to-1. The
flexure tests were performed on a 25 kN (5.6 kip) Instron load frame equipped with sideloading hydraulic grips at a temperature of 23 ± 2°C and 50 ± 5% relative humidity in an
environmentally controlled test lab at the Advanced Structures and Composites Center, at
the University of Maine in Orono, Maine. The specimens were tested in displacement
control at a cross-head rate such that a strain of 0.75% was achieved at the outer fibers at
the mid-span of the specimen in 60 seconds. After the 0.75% strain rate was reached, the
specimens were unloaded. The 0.75% outer-fiber strain was selected since it provided
deflection data in the linear elastic range of the material without producing any damage to
the specimens. This allowed the specimens to be retested if necessary.
Each span-to-thickness ratio required a different cross-head rate to achieve the
0.75%/min strain rate. The cross-head rate was computed using Equation 5, as
recommended in ASTM D6272 [17]. The experimental test matrix that includes the
cross-head rate is presented in Table 9.1.
R

ZL2
6h

where:
R is the rate of cross-head displacement
Z is the strain rate (0.75%)
h

is the beam thickness

L is the support span
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(5)

Table 9.1. Experimental test matrix.
Dataset

Span‐Ratio

Span (L)

Load‐Rate(R)

Id

L/h

mm (in)

mm/min (in/min)

8‐1
50‐8‐1
12‐1
a
50‐12‐1
16‐1
24‐1

8
8
12
12
16
24

77 (3.0)
77 (3.0)
116 (4.57)
116 (4.57)
156 (6.14)
232 (9.13)

0.771 (0.0304)
0.771 (0.0304)
1.75 (0.0689)
1.75 (0.0689)
3.13 (0.123)
6.99 (0.275)

a

a

Number of
Specimens
8
8
8
8
8
6

A 50 mm focal length camera lens was used for these datasets.

The 3-D DIC system was used to record the neutral axis deflections over the
visible span of the specimen. A photo of the 3-D DIC observation areas for each span-tothickness ratio is presented in Figure 9.4. As seen in the figure, two different camera
configurations were used during the testing. A 12 mm focal length lens was used to
capture each of the span-to-thickness ratios (Figures 9.4a-9.4d) and a 50 mm focal length
lens was used to capture close-up views of span-to-thickness ratios 8 and 12 (Figures 9.4e
and 9.4f). Digital cameras with a 1.3 mega-pixel (1280 x 1024 pixels) resolution were
used for all of the testing.
Load and cross-head displacement data were recorded at a sampling rate of 10 Hz
on the Instron control computer and at 2.0 Hz on the DIC system. This produced a total
of 120 data-stages to be analyzed by the DIC system for each test.
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a)

b)

c)

d)

e)

f)

Figure 9.4. Field of view for the flexural tests at different span-to-thickness ratios: a) 8:1
ratio, b) 12:1 ratio, c) 16:1 ratio, d) 24:1 ratio, e) 8:1 ratio w/50 mm lens, and
f) 12:1 ratio w/50 mm lens.
9.4
9.4.1

Analysis and Results
Analysis Procedure
The DIC results were post-processed to obtain the neutral axis deflections at each

data-stage. The DIC post-processing required the selection of a pixel grid size (facet size)
and grid overlap (point spacing) to produce a grid of points on the surface of the
specimens. A facet size of 35 x 35 pixels was selected since it produced the least amount
of noise in the data (±0.004 mm). The point spacing for the 12 mm and 50 mm focal
length lens images was 0.81 mm and 0.29 mm, respectively. Once the grid was produced
on the surface of each specimen, a section line was created along the neutral axis of the
beam. The y-coordinates of the section line provided the deflected shape of the beam for
each of the 120 data-stages. The y-coordinates and corresponding x-coordinates and load
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at each data-stage comprised the experimental data that were used to fit the FSDT beam
equations (Equations 1-4). The slope data were produced from the evenly spaced
deflection data using a five-point smooth noise-robust differentiator.
i 

wi 1  wi 1
w w
 i  2 i 2
2(ui 1  ui 1 ) 2(ui  2  ui 2 )

(6)

where:

 is the slope at point i of the neutral axis
wi is the y-position at point i of the neutral axis
ui is the x-position at point i of the neutral axis
This method was chosen as a means of suppressing the noise in the experimental data,
since smoothing to eliminate noise prior to differentiating load-deflection data has been
shown to improve the results without skewing the data [18].
An optimization routine was implemented to fit the analytical equations to the
experimental data and compute the flexural and shear moduli. MatLab’s fminsearch
function was used for the optimization. The fminsearch function finds the minimum of an
unconstrained multivariable function using a derivative-free method (Nelder-Mead
simplex method). The error was computed by taking the 2-norm (square root of the sum
of the squares) of the normalized difference between the experimental data and analytical
solution. The difference was normalized with respect to the maximum value in the
experimental dataset. The default convergence criterion of 1x10-6 was used with a 1000
iteration maximum during optimization. The optimization routine was used on both the
deflection data (using Equations 1 and 2) and the slope data (using Equations 3 and 4).
Guess values for E and G were provided to the fminsearch function. Guess value
pairs for (E,G) of (30,0), (30,10), (20,0) and (20,10) were used with the optimization
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routine, and it was found that the routine converged to within 0.15% of the same values
of E and G for each pair. The guess-value pair of (30,0) was used in the optimization
results presented in this paper.
One of the assumptions with the analytical solution is that the deflected shape is
symmetric about the mid-point; therefore, only one half of the beam was required to
compute E and G. Since actual specimen behavior is seldom perfect during an
experiment, especially when testing composites fabricated from heavy woven fabrics, it
was decided to analyze both sides (left and right) of the beam independently for the load
cases where the full span was visible. The full span of the beam was visible for span-tothickness ratios of 8, 12, and 16-to-1, as seen in Figures 9.4a-9.4c, respectively.
As seen in the slope plot in Figure 9.2, there exists a discontinuity at the loadheads (x=L/4 and x=3L/4) in the analytical solution for the slope (Equations 3 and 4) that
is proportional to P/kGA. The magnitude of the discontinuity is governed by the ratio
E/G. The actual experimental data does not possess such an abrupt change in slope, but
displays a more gradual transition. To account for this discrepancy during the curvefitting of the data, the experimental data points in the vicinity of the load-heads were
removed within the MatLab program and not used during the optimization. The
magnitude of this data offset from the load-heads was selected to be ½ the specimen
thickness (~5 mm). This value was sufficient to account for the discrepancy without
compromising the curve-fit at the shorter span-to-thickness ratios.
As a means of comparing the optimization results for the flexural modulus, E, the
experimental flexural chord-modulus (EC) was calculated using the single-point method
as recommended in ASTM D7264 for four-point flexure with ¼-point loading. To
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compute EC using Equation 7, the stress () and strain () were first calculated on the
outer surface of the beam at the mid-span for each data-stage using Equations 8 and 9,
respectively. At small span-to-thickness ratios this method results in an apparent value of
E, which is lower than the actual value, because it fails to account for the effect of shear
deformation.



(7)

 

3 PL
4 bh 2

(8)

 

48 h
11L2

(9)

EC 

where:

 is the flexural stress at the outer surface of the beam between the load-heads


is the strain at the outer surface of the beam between the load-heads

 is the difference in flexural stress between the two selected strain points
 is the difference between the two selected strain points
P is the force on the beam
L is the support span
b is the width of the beam
h is the thickness of the beam

 is the mid-span deflection
Additionally, E and kG were computed at each data-stage with a two-point
method, which used Equations 1 and 2 with the deflections at the mid-span and the loadhead, x = L/2 and L/4, respectively. This method is commonly employed when testing
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larger span beams in four-point bending by using displacement transducers placed at
these two locations. The data analysis matrix is presented in Table 9.2.

Table 9.2. Dataset analysis matrix.
Dataset

Span‐Ratio

Id

L/h

8‐1
50‐8‐1a
12‐1
50‐12‐1a
16‐1
24‐1

8
8
12
12
16
24

a
b

Beam
Section
Left & Right
Left
Left & Right
Left
Left & Right
Left

Number of
Datasets
16
8
16
8
16
6

Method of Computing
Flexural Modulus (E)b
1, 2, 3
1, 2, 3
1, 2, 3
1, 2, 3
1, 2, 3
1, 2, 3

Method of Computing
Shear Modulus (G)b
1, 3
1, 3
1, 3
1, 3
1, 3
1, 3

A 50 mm focal length camera lens was used for these datasets.
1 = Optimization (Slope and Deflection), 2 = ASTM D7264 Chord Modulus, and 3 = Two-Point Method.

9.4.2

Results
Typical curve-fits for the slope- and deflection-optimizations, over the half-span

of the beam, for each of the span-to-thickness ratios are presented in Figures 9.5 and 9.6,
respectively. The discontinuity in the analytical equation for the slope is clearly visible in
the plots in Figure 9.5.
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Figure 9.5. Typical slope curve-fits for the different span-ratios.
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Figure 9.6. Typical deflection curve-fits for the different span-ratios.
As a means of comparing the results between span-to-thickness ratios, the mean
results for E and kG were computed over three different strain ranges using Equation 9;
0.1-0.3%, 0.3-0.5%, and 0.5-0.7% strain. Not all of the datasets produced reasonable
values for the shear modulus. In several instances the optimization routine produced very
large values for kG (kG > 1010 GPa), and in a few instances values between 10 and 100
GPa. Very large values of kG reduce the FSDT equations to Euler-Bernoulli equations
and indicate that shear deflections were not detected by the optimization routine.
Previous studies by the authors [19] with similar materials produced values in the range
of 3.5-4.5 GPa for Gxz. Therefore, a threshold of 7.0 GPa was used to indicate specimens
that produced reasonable results for kG. Since different span-to-thickness ratios consisted
of different numbers of datasets (as indicated in Table 9.2), the datasets that produced
reasonable values for kG are presented on a percentage basis in Figure 9.7 for each
analysis method, span-to-thickness ratio, and strain range. Only the datasets that
produced values where 0 < kG < 7 are included in the results for E and kG that follow.
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Figure 9.7. Percent of specimens that resulted in 0 < kG < 7.
As seen in Figure 9.7, there is a general trend where the larger spans produced a
higher percentage of reasonable values for kG for the slope-optimization routine, and to a
lesser degree for the deflection-optimization. There is not a consistent trend for the
percentage results in the two-point dataset plot of Figure 9.7.
The majority of the datasets that used the 50 mm focal length lenses (50-8-1 and
50-12-1) produced a higher percentage of results than their corresponding 12 mm focal
length lens datasets (8-1 and 12-1) for both the slope- and deflection-optimization results.
The two-point method showed an improvement in percentage of results for only the 0.50.7% strain range for the 8-to-1 span ratio, while the majority of the results either
remained the same or declined in percentage.
The results for E and kG computed from the slope-optimization, the deflectionoptimization, and the two-point method are presented in Figures 9.8-9.10, respectively.
The plots in these figures present the mean values of E and kG for each span-to-thickness
dataset over each of the three strain ranges. The number of datasets used to compute the
mean is indicated in the x-axis of the plot. Error-bars are included on the plots and are
equal to ±1standard deviation. It is worth noting that a larger y-axis scale was used for
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Figure 9.8. E and kG results for each strain range using slope-optimization.
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Figure 9.9. E and kG results for each strain range using deflection-optimization.
50

7

Total (0.3 ‐ 0.5% strain)

40

Shear Modulus, kG (GPa)

Flexural Modulus, E (GPa)

8

Total (0.1 ‐ 0.3% strain)

45

Total (0.5 ‐ 0.7% strain)

35
30
25
20
15
10

Total (0.3 ‐ 0.5% strain)

Total (0.5 ‐ 0.7% strain)

6
5
4
3
2
1

5
0

Total (0.1 ‐ 0.3% strain)

8 8 8

4 4 5

7 7 7

3 3 3

9 9 11

5 6 6

36 37 40

8‐1

50‐8‐1

12‐1

50‐12‐1

16‐1

24‐1

AVG

0

8 8 8

4 4 5

7 7 7

3 3 3

9 9 11

5 6 6

36 37 40

8‐1

50‐8‐1

12‐1

50‐12‐1

16‐1

24‐1

AVG

Dataset ID and Specimen Counts for kG<7

Dataset ID and Specimen Counts for kG<7

Figure 9.10. E and kG results for each strain range using the two-point method.
the plot of E in Figure 9.10 to account for the large values at lower span-to-thickness
ratios computed using the two-point method.
Previous studies by the authors with the same material system produced a value of
E = 23.5 GPa for flexural testing at a larger span-to-thickness ratio (40-to-1), which
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minimized the effect of shear deflections. The slope-optimization method produced
values of E very similar to the previous study and also showed less variability than the
deflection-optimization or two-point methods.
The noise in the DIC analysis was measured at ±0.004 mm in the direction of
beam deflection. Since the smaller span-ratios produce smaller deflections than the larger
span-ratios for the same strain level, the effect of the noise should be more pronounced
on the smaller span-to-thickness ratios and at the lower strain levels. The noise-to-signal
ratio at the peak deflection of the test specimens is 1.0, 0.25, 0.15, and 0.05% for the 8-,
12-, 16-, and 24-to-1 span-to-thickness ratios, respectively, and would be significantly
larger at the earlier data stages. This should manifest itself as higher variability in the
results and fewer specimens that result in reasonable values for E and kG at the lower
span-to-thickness ratios and strain levels. The majority of the results for E show this
trend, but there is not a consistent trend of this nature for kG. As was previously
discussed the shear deflection relative to the overall deflection at the mid-span of the
beam for this material system is 7.4, 3.4, 2.0, and 0.9% for span-ratios of 8-, 12-, 16-, and
24-to-1, respectively. It is most likely this reduced contribution of the shear deflection at
larger spans that dominates the computation of kG.
The results for E and Ec (Equation 7) over the strain range of 0.1-0.3% strain are
presented in Figure 9.11 for the slope- and deflection-optimizations. Ec is computed from
the Euler-Bernoulli beam equations which means that it should be smaller than E, since it
assumes that all of the deflection is due to flexure and not from shear. As seen in Figure
9.11, the majority of the results indicate that E > Ec except for the 8-1, and 50-8-1 ratio
datasets in the slope-optimization, and the 8-1 ratio dataset in the deflection-optimization.
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Figure 9.11. E and Ec for 0.1-0.3% strain slope and deflection-optimization, 0 < kG < 7.
The large variability in results for the shorter spans are thought to be the main
contributing factor of this discrepancy and are attributed to the noise-to-signal ratio, as
previously discussed.
It was found that only three specimens (one at 12:1 and two at 16:1) produced
comparable shear modulus results for both the left and right halves of the beam for the
slope-optimization, while the deflection-optimization produced only one specimen (at
16:1) with comparable shear results for both halves. Additionally, the optimization
routine was not able to discern a shear modulus on either side of the beam for two (25%)
of the specimens from the 8-to-1 dataset during slope-optimization, and for one (12.5%)
of the specimens from each of the 8-to-1 and 12-to-1 datasets during deflectionoptimization. While the assumption of symmetry is convenient for analytical solutions,
the realities of experimental work can override this assumption. The possible reasons for
the non-symmetry of the deflected shapes in this experiment were the geometry of the
test fixture, specimen dimensional variation, and specimen material non-homogeneity.
The dimensions of the flexural test fixture and alignment of the load and support
heads were confirmed to within 0.3 mm for each span-to-thickness ratio, which was
within 1.0% of the ¼-span dimensions except for the 8-to-1 dataset where it was 1.6%.
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Fabricating FRP panels with a VARTM process that incorporates a flexible membrane
opposite the mold side, produced specimens with a standard deviation in the range of 0.1
mm for the specimen thickness. Additionally, the laminate consisted of only 16 layers of
woven roving fabric, which results in relatively large areas of non-homogeneity when
compared with the geometry of the beam. While the magnitude of these values seems
small, they can produce adverse effects when considering the magnitude of the
deflections of the beam at shorter spans and the small contribution of the shear to the
overall deflection of the beam.
9.5

Conclusions
A 3-D DIC system was implemented with an analytical optimization routine to

measure the flexural and shear moduli during flexure testing of FRP composite laminate
beams. The 3-D DIC system recorded the deflected shape at the neutral axis of beams
during four-point flexural testing with a ¼-point loading configuration, at span-tothickness ratios of 8, 12, 16, and 24-to-1. A MatLab optimization routine was used to
curve-fit the FSDT analytical equations, over the half-span of the beam, to the
experimental deflection and slope data from the neutral axis of the beam.
The majority of the span-to-thickness ratios investigated produced reasonable
results for G for 50% of the specimens in the dataset. The slope-optimization produced
less variability and more realistic results for E and G when compared to the deflectionoptimization for the range of span-to-thickness ratios investigated in this study. The
deflection-optimization produced values of G that were lower than the slope-optimization
routine. The slope-optimization is thought to be more sensitive at discerning the
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magnitude of the shear modulus due to the sharp discontinuity in the analytical equation
at the load points.
The optimization results were compared to the conventional single-point method
(ASTM D7264) and two-point methods for computing E and G. The values of E over the
strain range of 0.1-0.3% strain were consistently larger than the single-point method of
ASTM D7264 for computing chord modulus, which is what would be expected when
computing E for shorter spans where shear deflection contributes to the overall deflection
of the beam. This was not the case at the shortest span-to-thickness ratio (8-to-1) where
the noise-to-signal ratio was thought to affect the results. The two-point method produced
results similar to the deflection-optimization, which are considered to be low for values
of G, and high for E, as compared to previous studies with the same material system.
The asymmetry of the deflected shape of the neutral axis about the mid-span of
the beam is thought to be the main reason for the variability in the results and the
inability of the optimization routine to detect shear deflection in approximately 50% of
the datasets analyzed.
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