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Characterization and Response of Thermoplastic Composites and
Constituents

Pierce David Umberger

ABSTRACT

The research presented herein is an effort to support computational modeling of ultra-high
molecular weight polyethylene (UHMWPE) composites. An effort is made to characterize
the composites and their constituents. UHMWPE, as a polymer, is time and temperature
dependent. Using time-temperature superposition (tTSP), the constituent properties are
studied as a function of strain rate. Properties that are believed to be significant are fiber
tensile properties as a function of strain rate, as well as the through-thickness shear behav-
ior of composite laminates. Obtaining fiber properties proved to be a challenge. The high
strength and low surface energy of the fibers makes gripping specimens difficult. Several
different methods of fixturing and gripping are investigated, eventually leading to a combi-
nation of friction and adhesion approaches where a fiber was wrapped on an adhesive coated
cardboard mandrel and then gripped in the test fixture. Fiber strength is estimated using
tTSP to equivalent strain rates approaching 10 sec™!. Punch-shear testing of UHMWPE
laminates is conducted at quasi-static strain rates and the dependence of the results on
thickness and test geometry is investigated.
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Chapter 1

Introduction

Ultra-high molecular weight polyethylene (UHMWPE) composites are used extensively in
lightweight armor applications. Its high strength and stiffness and light weight make it a
natural choice for this role. UHMWPE has been shown to exhibit increased stiffness and
strength with increased strain rate [1], [4]. During ballistic impact, strain rates on the order
of 10° sec™! are typical. The primary goal of the UHMWPE fiber testing was to enable
modeling at the composite level at high strain rates (model more, shoot less). Therefore,
fiber tensile properties are desired at strain rates approaching 10% sec™!. Such strain rates
are difficult to attain in a laboratory environment. Hydraulic load frames typically generate
strain rates on the order of 10! sec™!, while screw-driven load frames typically 1 order of
magnitude lower. High rate test setups such the Split Hopkinson bar have been used to
obtain properties in the range of interest [14], but bridging the gap between load frame
strain rates and Split Hopkinson strain rates is difficult.

In Chapter 2 of this work, we attempt to estimate high strain rate properties of these
materials using a low strain rate tension test. To this end, the principle of time-temperature
superposition (tTSP) was invoked, utilizing calibrated shifts in temperature to correspond
to changes in strain rate. This method is well established, and work published by Alcock et
al. demonstrated the applicability to thermoplastic fiber composites [1]. Material variability
and difficulties in sample fixturing led to significant challenges in conducting repeatable tests.
Although the test data as presented in this work exhibits significant scatter, significant trends
are evident with changes in temperature and strain rate and these results are considered.

Working with and testing UHMWPE fibers and composites has presented many challenges.
The high strength and low surface energy of the fibers makes gripping specimens difficult.
Single fibers would often pull out of their fixture before failure. Several different methods of
gripping and fixturing the samples were developed, eventually coming to a combination of
friction and adhesion approaches, where a fiber was wrapped on an adhesive coated cardboard
mandrel and then gripped in the test fixture. The method is discussed further in Chapter 2.



Another mechanical property of particular importance, especially during impact events, is
the through-thickness laminate shear behavior. A punch-shear type test fixture was designed
and manufactured, consisting of a clamping die fixture with a round, 19 mm diameter hole
through which a punch was driven, creating a region of intense shear at the punch-die
interface. Two versions of the punch were tested, one allowing, and one preventing curvature
and displacement of the laminate in the center section of the punch. Shear strength results
and a discussion of the variation between nearly pure shear test configurations and those
allowing membrane type laminate behavior are discussed. The material is discussed further
in Chapter 3.

Both papers presented herein are scheduled for publication in various forms. Time-Temperature
Superposition and High Rate Properties of UHMWPE Fibers will be combined with similar
work on UHMWPE laminae and laminates and will be published at the 2010 Society of Ex-
perimental Mechanics (SEM) Annual Conference in June, 2010. Through Thickness Shear
and Membrane Behavior of UHMWPE Composites will be published at the 2010 Society for
the Advancement of Material and Process Engineering (SAMPE) Fall Technical Conference
in October 2010.



Chapter 2

Time-Temperature Superposition and

High Rate Response of UHMWPE
Fibers

2.1 Abstract

The high strain rate response of ultra high molecular weight polyethylene (UHMWPE) lam-
inae and laminates is of interest to support computational modeling of applications where
impact damage may occur. In this study, the efficacy of utilizing time-temperature superpo-
sition principle (tTSP) to determine the high strain rate response of UHMWPE composites
is investigated. Fiber tensile properties are measured at various temperatures and strain
rates. Testing is completed at thermo-rheologically equivalent temperature-strain rate com-
binations to evaluate the effectiveness and limitations of the shifting approach. Analysis of
failure data indicates that at the fiber level t TSP may be applicable, therefore high strain
rate properties are estimated.

2.2 Introduction

UHMWPE composites are used in many applications requiring light weight and high impact
strength, particularly armor applications. One of the most widely used UHMWPE material
system is the Spectra/SpectraShield line, manufactured by Honeywell. One of the major
applications for these material systems are lightweight ballistic armors. Work by Peijs and
others found that due to the high degree of anisotropy of UHMWPE fibers and the method
of composite fabrication, fiber properties largely dominate the behavior of the composite as
a whole [10].



Fiber properties are a major factor controlling ballistic performance of a composite armor.
Unfortunately both the size and viscoelastic nature of the fibers complicates material char-
acterization. Gripping individual fibers or even fiber bundles is difficult without introducing
stress concentrations and causing premature failure. In the case of fiber bundles, care must
be taken to ensure that load is distributed evenly among all fibers [11]. Knotting or other
similar methods of attachment result in considerable stress concentrations, often threefold
or larger, causing premature fiber failure [14].

Bonding has been used successfully in tensile test of various fibers [5],[7],[15]. Fiber bonding
must be carefully controlled, as any uneven bonding or any adhesive seepage between fibers
within the gage length will result in stress concentrations during testing. Testing of single
filaments rather than bundles is one solution to the inter-fiber issues associated with bonding
or other gripping methods. In 2005, Feih et al. performed single filament tests on sized
and unsized glass fibers using a cardboard sample fixture to which individual samples were
bonded. Figure 2.1 shows the fixture used. The fiber is oriented and bonded between the
holes. After curing, the center section is cut away, exposing the tabbed fiber for testing [5].

Fiber Sumple holder
/ : |
f l l <0 mm ' I
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gripping prior 1o testing — eripping

Figure 2.1: Bonding fibers to a fixture allows a gripping surface for testing without causing
fiber failure at the grip location [5]. [Used with permission]

Scharfeld, et al. utilized a capstan method in which the fibers were wound on metal pegs
for quasi-static testing. The capstan grips were successful in testing high strength fibers to
failure without introducing stresses sufficient to cause premature fiber failure occurring at
the grips. Figure 2.2 shows a diagram and photograph of an Aramid fiber test using these
grips. However, the mass of the capstan grips can pose a problem for dynamic and high
strain rate testing [11]. Often in dynamic testing, however, the specimen is not tested to
failure, but rather at much lower stress levels. This allows other grip methods to be employed
in this scenario.

Developing strain rate dependence correlation at strain rates on the same order of magnitude
as ballistic impact is not possible on most test equipment. In 2006, Tan et al. used a Split
Hopkinson bar setup to develop constitutive properties of Aramid fibers at high strain rates
and traditional tensile test methods at quasi-static strain rates. They found that Twaron
aramid fibers are strain-rate sensitive, both in constitutive properties and failure mechanism.



Adaptor
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Figure 2.2: Capstan grip diagram and photograph of a quasi-static tensile test [14]. [Used
with permission]

A three element linear viscoelastic model was used to correlate the viscoelastic response of
the fibers to test data. Three-parameter solid models are often sufficient when fitting linear
viscoelastic data over relatively few decades in log-time. Good correlation can be found
within the bounds of the fit. The stress-strain behavior of the model is given as

(1+%)0+Ki2' — Ko+ pié (2.1)
where K, K3, and p are material properties described by Shim et al. [12], [13], o and ¢ are
the applied stress and time rate of change of stress, and € and ¢ are the strain and time rate
change of strain. Available test methods leave a large gap in the strain rates that can be
directly tested. As a result, viscoelastic modeling and the time-temperature superposition
principle (tTSP) are often used to interpolate between these extremes.

Time-temperature superposition is based on shifting data taken at different temperatures
left or right along a time scale. The master curve developed by the combination of these
data can then be used to predict the behavior of the material at time scales or strain rates
that are not physically achievable on test equipment [3]. The most common method for
time-temperature superposition is the use of the Williams-Landel-Ferry (WLF) equation:

—C\(T — They)

log(ar) = o+ (T=To)) (2.2)

where C; and Cy are empirical constants and 7T,y is the reference temperature. If the
reference temperature is chosen to be the glass transition temperature, 7, of the material,
then universal values of C; and C5 are 17.44 and 51.6, respectively.

In 2007, Alcock et al. investigated the effects of temperature and strain rate on the mechan-
ical properties of highly oriented PP tapes and all-PP composites. The authors analyzed
strain rate and temperature effects on tensile modulus and strength and developed master
curves for each. These master curves were used to predict the constitutive behavior of the



tapes and composites at various strain rates, including those that are difficult to achieve with
physical testing. Figure 2.3 shows strength vs. strain rate for several different temperatures.
Figure 2.4 shows the master curve developed from the data in Figure 2.3, covering a much
wider range of strain rate [1].
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Figure 2.3: Tensile strength vs. strain rate for several temperatures. Tensile strength in-
creases with increasing strain rate and decreasing temperature [1]. [Used with permission]

Time-temperature superposition is only directly applicable to fully amorphous polymers.
However, t TSP has been applied and works well for failure mechanisms of composite systems
by Miyano et al., who used t TSP to predict long-term durability in GFRP composite systems

9].

In this chapter, the temperature (and by analogy, rate dependence) of UHMWPE fiber
strength is investigated, and t TSP is applied to estimate properties at high strain rate.
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Figure 2.4: Master curve developed from the data in Figure 2.3 with a reference temperature
of 20°C [1]. [Used with permission]



2.3 Sample Preparation

Spectra S1000 and S3000 fibers (supplied by Honeywell) are used. Fibers were received in
tows on spools. In tow testing, there is often difficulty in loading all fibers equally. For that
reason, the choice was made to test only single fibers.

2.3.1 Fiber Processing

Fibers were separated from fiber tows, as individual loose fibers were unavailable. However,
the twist applied during tow manufacturing was minimal, so there was little problem in
removing fibers from as-received tows. Approximately 0.5 m of fiber tow was removed from
the spool and attached to a work surface with tape. Using a magnifier, razor blade, and
forceps, a single fiber was severed at one end and gently removed from the tow, taking care
not to cause fiber kinking or excessive bending or otherwise damage the fiber. These fibers
were bonded to a glass plate for mounting.

2.3.2 Fiber Specimen Preparation

Several different fixturing methods were used. In fact, proper fiber gripping was one of the
largest hurdles encountered in this research. First, fibers were bonded to cardboard tabs
which were then gripped for testing, using the method of Feih et al. [5]. Figure 2.5 shows
the fiber, bonded to a cardstock ”frame” with a 10 mm gage length. Several adhesives
were tested, including cyanoacrylate based adhesives, and 3M 4693H, a specialty adhesive
designed specifically for bonding to polyethylene and polypropylene. These tab fixtures were
mounted in the test fixture, and then the side portions of the ”frame” were cut away, leaving
the fiber sample for testing, shown in Figure 2.6

While the tabbing/bonding method has been successful for many fiber types, including glass
[5], and polypropylene, the method did not work well for UHMWPE fibers. The extremely
high strength, coupled with the very low surface energy of the material led to problems
applying loads sufficient to cause fiber failure. In fact, approximately 90% of the fibers
became debonded and pulled out of the test fixture prior to fiber failure.

As a result, the fiber gripping method was changed to a mandrel wrapping method. The
individually prepared fibers were wrapped around 2 mm diameter cardboard mandrels that
had been coated with 3M 4693H adhesive. Approximately 0.25 m of fiber was wrapped
around each mandrel, leaving a gage length of 10 mm. The assembly was allowed to cure
for 4 hours and then testing commenced.
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Figure 2.5: An untested tabbed/bonded fiber sample, before mounting.

Figure 2.6: A tabbed/bonded fiber sample with the edges cut away. The sample is gripped
on the white cardboard tabs.
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2.4 Testing Procedure

2.4.1 Creep Compliance Testing

A TA Instruments Q800 DMA was used to conduct creep compliance tests of fibers in order
to develop material master curves and shift factors. Fibers in their mandrel wrapped fixture
were gripped in the DMA, clamped to a torque of 0.45 N-m, and subjected to a creep
compliance test. An attached furnace and liquid nitrogen cooling chamber on the DMA
allowed a temperature range of -140 °C to +500 °C with a precision of 0.1 °C. The creep
compliance test program consisted of a temperature sweep from -70 °C to +40 °C in 10
°C increments. At each temperature, the chamber was held and allowed to equilibrate for
10 minutes, then a tensile load of 0.14 N (corresponding to approximately 375 MPa) was
applied to the fiber and the displacement of the sample was measured for 10 minutes.

2.4.2 Fiber Tensile Testing

Fiber tensile tests were conducted using the same TA Q800 DMA as was used in creep
compliance testing. Again, an attached furnace and liquid nitrogen cooling chamber allowed
for a temperature range of -140 °C to +500 °C with a precision of 0.1 °C. For all tests, fibers,
either bonded and tabbed, or mandrel wrapped, were gripped in the DMA film/fiber grips
and torqued to 0.45 N-m. The furnace was closed and allowed to equilibrate for 10 minutes
after reaching the desired set temperature. For most tests, the DMA was run in displacement
control mode. The fibers were loaded at constant strain rate until failure. Tensile tests were
carried out at temperatures between -100 °C and +25 °C and strain rates of 5x10~% sec™! to
5x1072 sec™!. Figure 2.7 shows a bonded/tabbed specimen gripped in the DMA film/fiber
grips, while Figure 2.8 shows a mandrel wrapped specimen.

Because of the closed furnace assembly and the small diameter of the fibers (approximately
27.5 pm nominal diameter), the only indicator of strain was from crosshead displacement,
as mechanical or optical extensometer methods were not feasible. Load was measured using
the DMA 18 N integrated load cell.



Figure 2.8: A mandrel wrapped fiber sample mounted in the Q800 DMA.

11
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2.5 Results

The initial test plan was to develop a master curve and shift factors from tensile testing
alone, shifting strength data sets left and right in time to match up sets from different
temperatures. To complete this, a set of fiber tests at a wide range of temperatures and
strain rates was conducted. As Figure 2.9 shows, there are visible trends in the data, but
the scatter is sufficiently large, and the decades of available data are sufficiently few that
constructing a master curve solely from this data set is not feasible.
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Figure 2.9: S3000 fiber stress at failure vs. strain rate at various temperatures.

In an attempt to generate meaningful fiber strength data for high strain rates, the decision
was made to use fiber creep compliance data to construct a material master curve and
generate shift factors, and to use these shift factors to shift fiber strength with temperature.
This, of course, makes the assumption that the mechanisms that govern changes in creep
compliance with time and temperature are the same mechanisms that govern tensile strength
versus temperature and strain rate.

Figure 2.10 shows an unshifted plot of the S3000 fiber creep compliance data for one test
run. Figure 2.11 shows the same data shifted left and right such that slopes align, and Figure
2.12 shows the corresponding shift factors for the master curve in Figure 2.11. Figures 2.11
and 2.12 are for a reference temperature 7,.¢ of 20 °C
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Figure 2.10: Unshifted strain for creep compliance of a S3000 fiber sample.

To help validate that the shift factors derived from creep compliance testing are applicable
to tensile strength, we test three decades of "true” strain rate, and shift data sets in single
decade increments. As such, we should have two decades of overlap in either direction for
each data set. Figure 2.13 shows the data from Figure 2.9 shifted according to the shift
factors in Figure 2.12.

From Figure 2.13, we can see that the overlapping values of strength at shifted strain rates
appear to align well. However, this is by no means an assurance that the data sets are
equivalent at these ”equivalent” shifted strain rates. To gain further insight into the similarity
of the data sets, we choose several sets of data that correspond to the same ”equivalent”
strain rate. That is, we choose sets that are taken at a variety of different temperatures
and strain rates, but that when shifted according to the shift factors we obtained from creep
compliance testing (Figure 2.12), the data all correspond to a thermorheologically equivalent
shifted strain rate. If these data sets are similar, and governed by a similar failure mechanism,
then we would expect the Weibull distribution of each of these data sets to be similar as
well.

We make the assumption that the distribution of fiber strengths can be described by a
two-parameter Weibull distribution, where the probability of failure of a fiber is given as a
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Figure 2.13: S3000 fiber strength shifted according to shift factors from Figure 2.12.

where m is the Weibull modulus, L and Ly are the sample length and reference length,
respectively, and o and o are the applied stress and Weibull characteristic strength, respec-
tively. For tests performed at a constant gauge length, we let L = Ly and linearize Equation
2.3 as

1
In{ln =min (o) —min (oy) (2.4)
1—-Ps
We estimate the probability of failure using Bernard’s approximation to median rank

@ i—03

_ ) 2.5
f N +0.4 (2.5)

where N is the number of samples and ¢ is the failure order rank. We can then determine m
and o through linear regression.

Figure 2.14 shows the Weibull distribution for three different thermorheologically equivalent
strain rates. One data set was recorded at 23 °C and 0.045 sec™!, one at 0 °C and 0.005
sec™!, and one at -15 °C and 0.0005 sec™!. When shifted to 23 °C, each of these data sets
corresponds to an equivalent strain rate of 0.045 sec™!. For these three sets, we can see that
the Weibull moduli are 9.56, 6.21, and 8.84, respectively. There is some variability in the
Weibull distribution. To test the similarity of the distributions, we perform an analysis of
covariance with the null hypothesis that set number does not affect slope and intercept. The
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analysis yields a P-value of 0.374, indicating that the null hypothesis cannot be rejected.
Therefore, we cannot say that the three Weibull distributions are different.
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Figure 2.14: Weibull distribution of S3000 fiber strength at three thermorheologically ”equiv-

b

alent” strain rates.

Using Weibull distribution information it is useful to compare the measured fiber strength
to lamina tensile strength data for UHMWPE S3000 fiber-based lamina. To accomplish
this, a simple bundle strength approximation is used, since the matrix stiffness is orders of
magnitude lower than the fiber stiffness. If we assume linear elasticity, we can write

€=z (2.6)

We can define the reliability as

R=1-P; = exp {—i <i>m] (2.7)

Lo \ €
thus, the average stress in the fiber bundle at a given strain is

o=FEreR (2.8)
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and can thus write the stress in a bulk composite as

1

L m
X, = ViEyeq <mL°e> (2.9)

where V; is the fiber volume fraction of the composite and E; is the fiber elastic modulus.
From Equations 2.8 and 2.9 we can compare ultimate composite stress with ultimate fiber
stress.

In 2009, Cook studied unidirectional lamina based on S3000 fiber [4]. Figure 2.15 shows
the bundle strength predicted stress-strain curve based upon a Weibull distribution from
Equation 2.8 of a set of S3000 fiber tests at a strain rate of 0.45 sec™! with a fiber volume
fraction of 0.7. Figure 2.16 compares this bundle strength prediction to lamina data obtained
by Cook.
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Figure 2.15: Bundle strength predicted stress-strain curve for a strain rate of 0.45 sec™?.
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2.6 Discussion

There are several sources of uncertainty in the fiber tensile testing that was carried out. The
largest source of uncertainty resulted from the use of crosshead displacement as the source
of strain data. As previously discussed, there was much difficulty in reliably gripping single
fibers for testing. Bonding fibers to paper tabs was almost completely unsuccessful. Wrap-
ping fibers around adhesive mandrels was a much more effective solution, in that it allowed
sufficient load to be applied to cause fiber failure. However, since the mandrel wrapping
approach relies on both adhesion and friction to hold the sample, there was some slipping
of the fiber during some tests as the fiber tightened around the cardboard mandrel. As a
result, a large uncertainty is generated in strain. Since samples were loaded in displacement
control, in terms of strain rate, this slipping of the sample generated some uncertainty in
strain rate measurements. This would, of course, affect the data presented in Figures 2.9
and 2.13. However, we remain confident in the behavior of the data since we are spanning 3
decades of "true” strain rate at each temperature, and slipping of the sample in the grips was
typically a few percent. Nonetheless, this does contribute to the uncertainty of our strain
rate measurement.

Similarly, the lack of confidence in strain measurement made it difficult to present modulus
and strain at failure as a function of (shifted) strain rate. The cumulative effect of slipping
during a tensile test has a larger effect on strain at failure than it does on instantaneous
strain rate at any time during the test. Similarly, since modulus is computed in an average
sense from stress and strain, this same cumulative effect of sample slipping renders modulus
values as a function of (shifted) strain rate difficult to obtain with the methods presented
herein.

It would be preferable to have a source of strain measurement that does not depend on grip
integrity, such as an extensometer. However, typical fiber diameter is on the order of 27 um,
making mechanical extensometers impossible. An optical type measurement, such as a laser
extensometer would be possible, but the current setup with the Q800 DMA has very little
clearance inside the thermal chamber (less than 10 mm), making it difficult to install any
sort of measuring device.

Another notable source of uncertainty in the measurements was the variation in fiber shape
and cross section area. Figure 2.17 shows an environmental scanning electron microscope
(ESEM) image at 380x magnification of a bundle of S3000 fibers. There are several notable
characteristics of the fibers as shown in this image. First, it is immediately obvious that fiber
cross section area is non-uniform and non-constant between fibers. Second, the cross section
shape is non-uniform and non-constant between fibers, and finally, there are ”"kinking” defects
visible along fibers that have been bent. The fibers in this image have been intentionally
bent to show the kinking damage, as well as to show fibers from several different angles in
the same view. Extreme care was taken in fiber handling to avoid bending and kinking the
fibers during processing and testing. However, there is no way to avoid the variation in fiber
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cross section area. Since the fibers ultimate application is as part of a composite, it may
be appropriate to think of the fiber cross section area in an average sense. As a result, a
nominal fiber cross section area was computed in two ways: first by optical methods using
the ESEM, and second by an approach using the average mass of a known length of tow
with a known number of fibers. Both measurement methods arrived at the same average
cross section. The nominal cross section area is 594 pm?, equivalent to a diameter of 27.5
pm for a round cross section.

HFW | det | ———— 300 pm —

4:53:20 PM |11.1 mm| 5.00 kV | 380 x| 785 ym | ETD | kinked fibers

Figure 2.17: ESEM image at 380x magnification of S3000 fibers.

This variation in cross section adds to the overall uncertainty and scatter in the data, since
given the number of tests performed, it is not feasible to measure each fiber cross section in an
SEM prior to testing. Additionally, fibers bunched and kinked after testing, rendering post-
test measurement impossible. Understanding this, we use the nominal fiber cross section
area to analyze our test data, compensating for the increased scatter with an increased pool
size.

Another source of uncertainty arises from our shifting of creep compliance data to create
master curves. As previously discussed, the tTSP method is only strictly applicable for
fully amorphous polymers. The UHMWPE fibers that are studied here are a more complex
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material system [1]. Therefore, we cannot claim beyond any doubt that the tTSP method we
have applied here is valid. Rather, we can only assert that shifted strain rate data appears to
be valid, and analysis of the Weibull distributions of ultimate strength at thermorheologically
equivalent temperature and strain rates to not contradict this assertion. Additionally, we are
shifting test data to strain rates many orders of magnitude larger than the rates at which
they were acquired, likely resulting in significant error. Despite the multiple uncertainty
sources, we see that data compares favorably to tensile tests on unidirectional lamina tests
performed by others, as shown in Figure 2.16.

2.7 Conclusions

Using the method of time-temperature superposition certainly shows promise as a method
for estimating material properties outside the range of easily achievable laboratory tests.
There are many sources of uncertainty and difficulty in testing this material system. This
investigation only scratches the surface of understanding the rate and temperature dependent
tensile properties of UHMWPE fibers. In the future, it is recommended that a more precise,
reliable method for measuring strain be adopted, possibly using different test equipment.
This would allow the metrics of investigation to include modulus and strain at failure as a
function of (shifted) strain rate, in addition to ultimate strength.

Additionally, it is recommended that a larger data set be developed for this material system,
due to the large scatter generated from the experimental uncertainties previously discussed.
There are no "red flags” present in the analysis to date, but a larger data set can further
increase confidence in the results of this investigation. Furthermore, a feasible technique
should be developed to allow measurement of each fiber prior to testing, thereby greatly
decreasing the uncertainty in the data due to fiber cross section area variation.

An alternative method to reduce uncertainty and scatter in the data, with the added benefit
of providing an intermediate modeling verification step would be to perform similar testing
on fiber tows rather than individual fibers. This alternative would likely come with its own
set of challenges and problems, but the corollary study would provide interesting insight
nonetheless.

In order to obtain direct comparison to data shifted using tTSP, it would be beneficial for
data to be directly measured at high strain rate using another test method, perhaps a Split-
Hopkinson bar. This applies to both the fiber data presented herein and the lamina data to
which we compare.



Chapter 3

Through Thickness Shear Behavior of
UHMWPE Composites

3.1 Abstract

Through-thickness shear response of ultra high molecular weight polyethylene (UHMWPE)
composites is of interest to support computational modeling of phenomena such as impact
damage. In this study, we attempt to explain a trend of increasing apparent ultimate shear
stress with decreased sample thickness. Punch shear testing of UHMWPE composites is
conducted to examine the effect of membrane-type behavior on apparent shear strength. Two
test fixtures — one allowing, and one preventing backplane curvature — are used in conjunction
with finite element modeling to investigate changes in the stress state under punch shear
loading and the resulting change in apparent shear strength with sample thickness.

3.2 Introduction

UHMWPE composites are used in many applications requiring light weight and high impact
strength, particularly armor applications. One of the most widely used UHMWPE material
system is the Spectra/SpectraShield line, manufactured by Honeywell. One of the major
applications for these material systems are lightweight ballistic armors. Through-thickness
shear properties have been identified as playing a significant role in overall laminate behavior
during an impact event [2], [6].

Much work has been done to characterize the properties of laminates in terms of their
energy absorption via a punch type test. Gama and Gillespie studied the relation between
quasi-static punch-shear behavior and ballistic penetration models for thick section S-2 glass
composites [6]. They found that different span to punch ratios (SPR) change the mechanics
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of failure. SPR close to 1 leads to shear dominated failure, while large support spans lead to
bending dominated failure. In 2005, Xiao et al. studied delamination damage in S-2 glass
composites due to punch-shear loading [16]. In both of these cases, the supported diameter
is substantially larger than the punch diameter, leading to a significant mix of bending and
shear.

In order to support modeling efforts, it is desired to understand the through-thickness shear
behavior of UHMWPE composites in terms of material properties. While any physical
test is always a measurement of a mechanical system property rather than a true material
property, it is desired to isolate the through-thickness shear behavior inasmuch as is possible.
In 1995, Liu and Piggott studied the shear properties of polymers and fiber composites [8].
Liu and Piggott used ASTM standard D732-85 as a basis for evaluating shear properties
of thermoplastic polymers as well as several epoxy matrix materials. They concluded that
the punch shear test may have problems associated with friction between the punch and
die, as well as problems developing a stress state close to pure shear, rather than a tension-
dominated state. They note these possible issues as sources of uncertainty, but do not suggest
a preferred alternative test method.

In this paper, the through-thickness shear properties of Honeywell SpectraShield UHMWPE
composites are investigated experimentally. Two test configurations are studied as they
relate to apparent shear strength, and an effort is made to explain discrepancies in apparent
shear strength as a function of laminate thickness.

3.3 Materials

3.3.1 Laminate Processing Procedure

Samples tested were commercially available Honeywell SpectraShield 1214 product. Either
4 or 8 layers of SpectraShield 1214, each having a lay-up of [0,90], were combined to form
laminates of lay-up [0,90]4 or [0,90]s. Sheets of the SpectraShield product were cut into
approximately 30.5 cm x 30.5 cm panels using a CNC cutting table. Sheets were stacked in
the aforementioned configuration. Multiple sheets were pressed in one cycle, with a sheet
of silicone coated paper between each. The stack of panels was placed between two 0.635
cm thick smooth aluminum sheets and placed in a hot press. Panels were pressed at a
temperature of 118°C and pressure of 19 MPa for 15 minutes. The pressure was removed
and the panel was allowed to cool in the press for approximately 15 minutes before being
removed. These pressed plates were clamped between rigid fiberglass plates and cut into
50 mm x 50 mm samples using a wet saw. Samples were sufficiently large that cut edges
were far away from the punch area. Figure 3.1 shows SpectraShield samples before and after
testing. Typical sample thicknesses were 0.53 mm and 1.04 mm, for 8 and 16 layer samples,
respectively. Typical fiber volume fractions range from 70 to 75%.
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Figure 3.1: SS1214 laminate samples before and after testing.

3.4 Testing Procedure

Specimens were tested using an in-house punch shear assembly. The test setup is similar to
ASTM D732-85, but with smaller dimensions to achieve failure within a desired load range
based on load frame specifications and predicted strength.

3.4.1 Punch Shear Test Apparatus

The in-house punch-shear assembly consists of a two piece rigid steel die with a 19.05 mm
diameter hole through which an 19.00 mm diameter punch is pressed. Thin samples are
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clamped in between the two die halves. The punch to die fit is 0.025 mm nominal radius, ef-
fectively minimizing the unsupported span of the sample during testing. Laminate thickness
is 25 to 50 times this clearance. The goal is to create a region of intense through-thickness
shear in the test specimen at the punch/die interface, while minimizing other mechanics
phenomena such as bending. Figures 3.2 and 3.3 show the assembly. Up to eight %—20
inch bolts are used to provide clamping pressure to the specimen. The entire assembly was
manufactured out of A2 tool steel and then air-hardened to approximately Rockwell C50 to
minimize wear on the edge of the hole at the punch-die-sample interface.

Figure 3.2: Punch shear test apparatus exploded assembly.

3.4.2 Punch Configurations

Two main punch configurations were considered; one allowing and one preventing curvature
of the sample during testing. It was hypothesized that disallowing curvature of the sample
during testing would create a stress state closer to pure shear, and thereby more effectively
decouple tensile and shear modes of failure.

Unsupported Punch

The unsupported punch was simply a right circular cylinder of diameter 19.00 mm and a
length of 50 mm. The punch was intended to create a region of intense shear in the sample
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Figure 3.3: Side view of punch shear test apparatus exploded assembly.

at the punch-die interface. The punch was manufactured from A2 tool steel and then air-
hardened to approximately Rockwell C50 to minimize wear of the punch edge. Additionally,
the face of the punch was surface ground to make the edge as square as possible to reduce
bending at the punch-die interface. Figure 3.4 shows the punch used.

Supported Punch

The supported punch was designed to prevent curvature of the sample during testing. The
main body of the punch was a right circular cylinder of diameter 19.00 mm and a length
of 50 mm. One end of the punch was drilled and tapped with a %—20 inch hole and surface
ground to create a square edge. A second right circular cylinder was machined with a 19.00
mm diameter and a 10 mm length with a 6.35 mm diameter hole through the center to form
the clamp. Both pieces were fabricated from A2 tool steel and air-hardened to Rockwell
Ch0, as before. Figure 3.5 shows the assembled punch.
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Figure 3.4: Unsupported shear punch fabricated from A2 tool steel.

3.4.3 Punch Shear Test Procedure

Samples of size 50 mm x 50 mm were centered on the bottom portion of the die assembly. A 5
mm diameter hole was cut using a razor blade for samples tested with the supported punch.
The top die section was installed. Proper alignment of the holes in the upper and lower
section of the die was achieved via pressed dowel pins. Four %-20 inch bolts were inserted
in the bolt holes located at the corners of the die halves and tightened to a torque of 68
N-m. The die assembly was designed with eight bolt holes due to anticipated problems with
satisfactorily gripping the samples, however four bolts proved to be sufficient to achieve the
necessary grip pressure on the sample to prevent slipping, based upon post-test inspection.

Punch shear testing was conducted in an M'TS hydraulic load frame. An 88-kN capacity MTS
Force Transducer 661.20 load cell was used to measure load. Displacement measurements
were taken from the load frame stroke transducer. An aluminum block was clamped in the
upper MTS 647 Hydraulic Wedge Grip and used to transfer load to the punch head. Control
and data collection was provided using an in-house National Instruments (NI) LabVIEW
program. The punch shear test assembly was rested on the lower grip frame, which was
verified to be parallel to the aluminum block in the upper grip to ensure load was applied
vertically and did not cause the punch to jam in the die assembly. Figure 3.6 shows the
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Figure 3.5: Supported shear punch fabricated from A2 tool steel.

assembled test apparatus in the load frame prior to a typical test.

Tests were conducted in load control at a load rate of 667 % Load and displacement
channels were recorded at 50 Hz using the in-house NI LabVIEW program. After each test,
the punch was removed, die halves unbolted, and the sample removed for inspection of the
failure surface.



Figure 3.6: Assembled punch shear test apparatus in MTS hydraulic load frame.
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3.5 Finite Element Modeling

Recognizing that the cross-ply laminate construction cannot be represented with an ax-
isymmetric model, and given the fact that many of the necessary material properties are
unknown, an isotropic, linear elastic material model is used, solely for the purpose of inves-
tigating the nature of the deformation and stresses in the test specimen. The intention of
this model is not to gather exact, nor even quantitative representation of the problem, but
rather gain insight into the comparative representation of each of the test types conducted.
The four models are tabulated in Table 3.1. The load applied in each case corresponds to
approximately 5% of the failure load for the unsupported punch case for that thickness.

An axisymmetric finite element (FE) model representing a simplified version of the physical
tests was developed using ABAQUS 6.9-2. Die halves and both punch types were modeled
in order to utilize contact loading to study the deformation of the sample. Mapped meshes
of 4-noded linear quadrilateral (Q4) elements were used for the model. Meshes were refined
for convergence of stress and displacement away from the singularity at the interface of the
sample and jig. The outside edge of the model was fixed, representing the rest of the die
assembly as rigid. Axisymmetry boundary conditions were applied at the axis of revolution,
and a pressure load was applied to the top of the punch. For two cases representing the
supported punch, an additional body was modeled to constrain the curvature of the specimen.

Table 3.1: FE model case summary.

Model Sample Thickness Punch Type

1 8 Layers Unsupported
2 8 Layers Supported
3 16 Layers Unsupported
4 16 Layers Supported
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3.6 Results

3.6.1 Punch Shear Testing

For this test geometry, through-thickness shear stress is ideally represented as

F
= 3.1
! Ashear ( )
where Agpeqr 18 defined as
Ashear = 7TDpt (32)

where D, is the average of the punch and die diameters and ¢ is the sample thickness.

The results for ultimate shear stress versus sample thickness are shown in Figure 3.7. Average
ultimate shear stress for each thickness and punch type are given in Table 3.2. Additionally,
standard deviation and coefficient of variation (COV) for each data set is shown in Table
3.3.
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Figure 3.7: Ultimate shear stress versus thickness.

Typical load-displacement curves for unsupported punch samples are given in Figure 3.8.
We note that there is a distinct slope change for both 8 and 16 layer samples. Similarly,
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Table 3.2: Average ultimate shear strength and deviation for supported and unsupported
punch types (MPa).

Unsupported Supported

8-layer 266 196

16-layer 242 179

Absolute Difference 24 17
Percent Difference 9.0 8.7

Table 3.3: Standard deviation and COV for supported and unsupported punch types.

Unsupported Supported

8-layer Std. Dev. (MPa) 12.1 15.1
COV (%) 4.6 7.7
16-layer Std. Dev. (MPa) 17.1 12.2
COV (%) 7.1 6.8

Figure 3.9 shows typical load-displacement curves for samples tested using the supported
punch.
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Figure 3.8: Load versus displacement for selected unsupported punch samples.
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3.6.2 Finite Element Modeling

The FE solution for each of the four test cases (as tabulated in Table 3.1) was computed
using ABAQUS 6.9-2. Figure 3.10 shows the through-thickness shear stress distribution for
an 8-layer laminate loaded with the unsupported punch configuration. From Figure 3.11 it
can be seen that a small zone of concentrated shear stress exists near the punch-die interface.
Figure 3.12 shows the in-plane radial stress distribution. The radial stress in the laminate
is an order of magnitude lower than the shear stress.
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Figure 3.10: Through thickness shear of 8-layer panel with unsupported punch (Pa).
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Figure 3.11: Through thickness shear of 8-layer panel with unsupported punch (Pa).

For the case of the 8-layer panel loaded with the supported punch, the through-thickness
shear stress distribution is shown in Figure 3.13. Figure 3.14 shows the same shear stress
distribution at our area of interest. Figure 3.15 shows the radial stress in the panel. Again,
the radial stress is an order of magnitude lower than the shear stress.

For the case of the 16-layer panel loaded with the unsupported punch, the through-thickness
shear stress distribution is shown in Figure 3.16. Figure 3.17 shows the same shear stress
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Figure 3.12: Radial stress of 8-layer panel with unsupported punch (Pa).
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Figure 3.13: Through thickness shear of 8-layer panel with supported punch (Pa).

distribution at our area of interest. Figure 3.18 shows the radial stress in the panel. Again,
the radial stress is an order of magnitude lower than the shear stress.

For the case of the 16-layer panel loaded with the supported punch, the through-thickness
shear stress distribution is shown in Figure 3.19. Figure 3.20 shows the same shear stress
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Figure 3.14: Through thickness shear of 8-layer panel with supported punch (Pa).
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Figure 3.15: Radial stress of 8-layer panel with supported punch (Pa).
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Figure 3.16: Through thickness shear of 16-layer panel with unsupported punch (Pa).

distribution at our area of interest. Figure 3.21 shows the radial stress in the panel. Again,
the radial stress is an order of magnitude lower than the shear stress.
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Figure 3.17: Through thickness shear of 16-layer panel with unsupported punch (Pa).
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Figure 3.18: Radial stress of 16-layer panel with unsupported punch (Pa).
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Figure 3.19: Through thickness shear of 16-layer panel with supported punch (Pa).
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Figure 3.20: Through thickness shear of 16-layer panel with supported punch (Pa).
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Figure 3.21: Radial stress of 16-layer panel-with supported punch (Pa).
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3.7 Discussion

There appears to be a trend of increased apparent shear strength with decreasing thickness.
If the state of stress was truly pure shear through the thickness of the sample, apparent
shear strength would not be expected to vary with specimen thickness. Initially, when
only unsupported punch tests had been performed, it was hypothesized that this increase
in apparent strength was due to a membrane type behavior. Thinner 8-layer samples have
less bending stiffness and more ability to rotate when compared to 16-layer samples, given
the constant clearance in the punch and die geometry. It stands to reason that apparent
shear strength would then be higher for samples that are experiencing more of a membrane
type state of stress, due to the extreme anisotropy of UHMWPE fibers that comprise the
SpectraShield laminates.

This notion is further supported by the distinct change in slope of the load-displacement
curves shown in Figures 3.8 and 3.9. It is possible that the increase in slope during the
course of the punch shear test is due to a nonlinear geometric effect that is governed by a
membrane type behavior. The same phenomenon that governs this increased mechanical
stiffness could be governing the increase in observed shear strength.

It was initially expected that the supported punch that prevented curvature of the sample
would reduce this hypothesized membrane behavior and would result in apparent shear
strengths that were more consistent versus sample thickness. However, given the results in
Figure 3.7 and Tables 3.2 and 3.3, this does not appear to be the case. For both supported
and unsupported punch types, an 8 to 9 percent decrease in apparent shear strength is
observed with a two fold increase in sample thickness.

In retrospect, the design of the supported punch clamp does not provide the same clamping
pressure ability as the die assembly. For the tests in this research, clamping pressure on
the sample is estimated to be approximately 6 MPa. In contrast, the estimated clamping
pressure that can be achieved on the punch clamp is approximately 1 MPa. In retrospect, a
better punch design with a fine threaded fastener would be a better choice to allow for equal
clamping pressure in the punch and die sections.

It is also possible that this difference in apparent shear strength with thickness is the result
of the clearance between the punch and die. Radial clearance is only 0.025 mm, which
approaches the limit of a slip fit, however average diameter of a single fiber is 0.0275 mm. It
is possible that instead of being loaded in true shear, the weak matrix material is deforming
and allowing fibers to rotate and follow the edge of the punch rather than shearing as
anticipated. A punch with tighter tolerances could perhaps be manufactured, but binding
of the punch and die may become an issue.

The simple FE model representation of the problem does not indicate that a substantial
membrane component is present in the state of stress. However, this model is a very sim-
plistic representation of the problem, and many unknowns remain. Material properties are
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not properly represented (nor are they well known). Phenomena such as localized plastic
deformation near the punch-die interface are not represented. Additionally, properties such
as friction are not known in the test configuration under consideration. A fully developed
finite element model of this complex problem is outside the scope of this thesis.

3.8 Conclusions

In general, the results were repeatable, with a coefficient of variation of well less than 10%.
It is important to note that the properties measured in this research represent mechanical
properties related to the particular test geometry, not true material properties. One of the
ultimate goals of this research is to estimate true material properties based upon results of
these tests. Resolving the apparent difference in ultimate shear strength is a critical step to
this end.

It was originally hypothesized that the change in apparent shear strength was due to an
increase in membrane type behavior in thinner samples, artificially increasing the apparent
through-thickness shear strength. Initial investigation of the problem does not appear to
support this hypothesis. Possible improvements to the test method include a better punch
design allowing greater clamping pressure, as well as a smaller clearance between the punch
and die. It is suggested that both of these avenues be pursued in future research. Additional
future work should be conducted to expand and improve the finite element representation
of the test problem, better representing the materials and boundary conditions.



Chapter 4

Conclusions

There is much left to be studied to fully understand the response of both UHMWPE com-
posites and their constituents. The research presented in this thesis attempts to aid in an
understanding of the behavior of this material system, in terms of both state of stress and
the strain rate. There is perpetually more work to be done in the field.

4.1 Time-Temperature Superposition and High Rate
Response of UHMWPE Fibers

This research discusses the development of a method for conducting repeatable tests of
UHMWPE tensile strength. Creep compliance testing was discussed as a method for gen-
erating factors for shifting strength plots with strain rate and temperature. The applicabil-
ity of these creep compliance shift factors to strength data was investigated. No evidence
was found to suggest that creep compliance shift factors are not applicable to fiber tensile
strength in this case for this material system. There are several sources of uncertainty in
this method, the most notable of which is the method by which strain is measured. Possible
future investigations and recommendations for improvement to this method were discussed.

It would be desirable as a corollary to this work to conduct fiber tests on this material
system using a Split Hopkinson Bar setup (or other high strain rate test setup) to validate
the predictions made in this research. However, without this validation, the general trends
exhibited in the data are consistent with the behavior that is expected with temperature
and strain rate.
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4.2 Through Thickness Shear Behavior of UHMWPE
Composites

Possible reasons for variation in apparent ultimate through-thickness shear strength are
investigated in this research. Through physical testing of laminate through-thickness prop-
erties, along with development of a very basic finite element model, the apparent through-
thickness shear strength is investigated. The original hypothesis of a membrane type behavior
contributing to the difference in apparent shear strengths does not appear to be directly sup-
ported by the test results thus far. This is an area where future work should be conducted,
as the behavior of UHMWPE laminates in this mode is not well understood.

4.3 Future Work

There is much work that remains in order to completely understand and determine the
constitutive behavior of UHMWPE composites and constituents as a function of temperature
and strain rate.

The application of the tTSP method to fiber tensile strength testing can be extended to
include modulus and strain at failure as a function of temperature and (shifted) strain rate.
The implementation of a test method including more precise strain measurement that does
not rely on grip integrity along with a more reliable method of gripping fibers could greatly
improve the data pool.

Additionally, expansion of the investigation to include testing of fiber tows could help al-
leviate some of the uncertainty issues encountered with nonuniform fiber cross section size
and shape. The comparison of these two types of data sets could offer valuable insight into
the problem at hand and offer an intermediate step for model verification between fiber and
lamina/laminate levels of complexity.

Laminate through-thickness shear properties should be further investigated with one or more
improved test apparatus designs. Additionally, more than two laminate layup configurations
and thicknesses should be investigated. The basic finite element model should be improved
to better represent the material properties and mechanics of the problem.

Furthermore, since through-thickness shear properties are of interest to support modeling
of impact type events, the rate dependence of shear properties should be investigated as
well. The method of strain rate extrapolation using t TSP discussed in Chapter 2 should be
investigated as it relates to through-thickness shear. However, it should be noted that the
work in Chapter 2 was conducted on fiber alone, while the laminate is a two-part material
system. The applicability of tTSP needs to be investigated to ensure that it is appropriate
for use in predicting rate-dependent shear response.
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