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Abstract

Recently developed high-pressure resin transfer molding (HP-RTM) processes have enabled the
integration of lightweight fiber-reinforced composites into automobiles (e.g., frame and roof
components, floor segments), which may also be suitable for energy absorption applications such
as front crush structures in high volume production vehicles. Heavy tow stitch-bonded non-crimp
fabrics with rapid curing resins have been recently used to fabricate HP-RTM parts; however,
there is a lack of mechanical property data in the literature for such materials. To fill this gap and
support the development of lightweight automotive structures, this study reports an investigation
assessing the microstructure, quasi-static and dynamic mechanical properties of a non-crimp
carbon fabric composite manufactured by HP-RTM, as well as properties of the rapid curing neat
epoxy resin. The presented study of the microstructure and constituent properties provide data
for in-depth microstructural modeling of the processed non-crimp fabric HP-RTM composite. The
study reports 18-20% increase in the tensile transverse strength and strain-at-failure at strain

rates on the order of 1000 s'. Measured macroscopic material properties can be used as input
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data for numerical modeling of automotive composite structures, including simulations of vehicle

collisions.
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1. Introduction

Recent studies indicate that automobiles account for about one-quarter of overall carbon dioxide
emissions, a major contributor to the greenhouse effect [1]. A strategic approach to reducing the
fuel consumption and, therefore, CO, emissions, is reducing the weight of automobiles through
the use of lightweight materials. In this regard, composites, such as plastics reinforced by
continuous carbon fibers, have been identified as key materials for enabling substantial weight
reductions in mass produced vehicles [2]. As a result of high specific strength and stiffness, these
materials allow significant weight savings when used to replace metals in frame parts, roof, and
floor segments, as well as many other automobile components [3-6]. In addition, carbon-fiber
composites may provide higher passenger safety owing to better energy dissipation capabilities
in case of collision, as compared with conventional metallic materials [7-10]. Energy is dissipated
in these materials through multiple failure mechanisms, such as delamination, fiber breakage,
matrix cracking, and fiber microbuckling [11-14, 35-37]. To support the development of
automotive energy absorbing structures (e.g., front crush rails or B-pillars), in addition to
assessing quasi-static properties, characterization of high strain-rate behavior of composites is

important.

Several studies have reported the strain rate dependent properties of unidirectional CFRP
composites. Ploeckl et al. [15] a 40% increase of longitudinal compressive strength at strain rates

of 100 s was reported for IM7/8552. For the same material system, a 45% increase of transverse



compressive strength and 42% increase of in-plane shear strength at strain rates over 200 s
was reported in [16]. Melin and Asp [17] studied the effects of strain rate on the transverse tensile
properties of a unidirectional CFRP, reporting that the elastic properties were not dependent on
the strain rate while the transverse tensile strength was only slightly influenced. Similar trends for
transverse tension were reported in [18, 19]. In general, most reported studies consider the strain
rate dependence on compressive properties, while few studies report strain rate dependence on
tensile properties. In contrast, this study focuses on investigating the transverse tensile strength
strain-rate sensitivity of the relatively new type of composite materials — stitch-bonded non-crimp
fabric reinforced polymers, which can be distinct from conventional unidirectional composites

owing to their different microstructure and employed manufacturing process.

For the manufacturing process, until recently the main challenge of using continuous-fiber
composites in high volume production vehicles was a lack of a sufficiently rapid fabrication
techniques. Process times for conventional manufacturing techniques (e.g. vacuum bagging,
autoclave molding, standard RTM, etc.) usually exceeds minutes or, more often, hours [20].
However, newly developed high-pressure resin transfer molding (HP-RTM) processes along with
novel rapid curing resin systems, may enable the integration of composites into vehicles while
maintaining the volume production rates typical for the automotive industry. Curing of a composite
part can be completed within less than one minute with HP-RTM process [21, 22]. Unidirectional
stitch-bonded fabrics are a preferred type of reinforcement for HP-RTM process, as they allow for

a rapid build-up of part thickness and preforming capabilities when a binder is used.

Despite of the growing importance of HP-RTM for automotive industry, there is currently a lack of
experimental data in the literature for composites fabricated by this manufacturing process,
particularly for non-crimp fabric reinforced plastics, including both quasi-static and high strain-rate
properties. In order to fill this gap, this paper presents an investigation into microstructure and

mechanical performance of a rapid curing thermoset resin composite reinforced by continuous



UD non-crimp carbon fiber fabric and manufactured using HP-RTM process. Such data can be
used as input parameters for numerical models of automotive composite structures, including
models for car crash simulations. Also, this study reports mechanical properties of the neat epoxy
resin fabricated using the same process and used as a matrix of the CFRP composite. This data,
along with the presented microscopy analysis, has a potential application in the development of

numerical models where mesoscale representation of the composite is required for higher fidelity.

2. Materials and manufacturing

ZOLTEK™ PX35 UD300 unidirectional fabric was used as a reinforcement in this study. The
fabric is produced from 50K continuous tow carbon fiber and, as per manufacturer data, has areal
density of 333 g/m2. The fibers in the tows are spread to achieve dry fabric thickness of
approximately 0.37 mm and tows are stitched with a polyester stitch in a tricot pattern. Fig. 1
exemplifies the design of the used unidirectional fabric which also has a thermosetting binder

applied. An automated cutting center was used for precise cutting of carbon UD fabric.

As a matrix, a fast-cure epoxy system EPIKOTE™ Resin TRAC 06150 in combination with a
hardener EPIKURE™ Curing Agent TRAC 06150 and internal mold release agent HELOXY™
Additive TRAC 06805, was used in this study. This three-part system is specifically designed by
HEXION® for mass-production of automotive structural parts and has the curing time of 5-10 min
[23]. The corresponding mixing ratios used were 100:24:1.2 parts by weight for the resin, hardener

and internal release agent.

Traditional resin transfer molding is a slow process: the final part may take hours or days to cure
and may require the use of an autoclave to increase production time. However, HP-RTM is
designed to impregnate the preform in a few seconds such that highly reactive polymer systems

can be used and cured within minutes. In this study, the HP-RTM equipment used consisted of a



high flow injection system (KraussMaffei) combined with a 2,500-ton hydraulic press

(Dieffenbacher) to maintain mold closure, both shown in Fig 2.

During the manufacturing cycle resin and hardener were combined at high pressure of 120 bar
and injected under vacuum at high flow rate (40 g/s) into a closed mold containing dry UD fabric.
Press forces applied to the mold varied from 1500 kN during the injection to 4500 kN during
curing. The constant mold temperature was equal to 120 °C. The mold itself, as well as the
manufactured panel are shown in Fig. 3. The fabricated flat panel contained 7 layers of UD fabric,

which were aligned, in terms of the fiber direction, with the long side of the panel.

In addition to the composite panels, neat resin panels were fabricated in separate trials. The three-
part resin system was processed into 4 mm-thick neat resin panels using the HP-RTM setup (Fig.
2) and similar processing parameters as for the composite panels (mold temperature of 120°C

and press force of 1000 kN during the injection to 3000 kN during curing).

After manufacturing, it was found that the neat resin panels were slightly curved in the regions
near the edges (Fig. 4). Correspondingly, prior to fabricating the test specimens, the panels we
flattened by placement into an air-circulated oven and heat was applied with a rate of 5°C/minute
up to 120°C, which is near the glass transition temperature of the epoxy. The hot panels were
then removed from the oven, placed between two heavy flat steel plates and allowed to cool to

room temperature.
3. Experimental methods
Experimental techniques employed in this study for characterization of the materials’

microstructure, quasi-static and high strain-rate properties are subsequently detailed.

The microstructure of the composite was studied using KEYENCE opto-digital microscope

equipped with the VH-Z500R high-resolution zoom lens (500-5000X). In addition to the visual



investigation of the material’s microstructure, digital image recognition tools of the microscope

allowed for measurement of constituents’ volume fractions.

Quasi-static (€ = 0.01 s) testing of the composite and its matrix have been carried out in a
constant temperature (24°C+1°C) lab environment using two different test frames. In particular,
neat resin properties were determined using an MTS FlexTest SE servo-hydraulic test frame,
where the applied force was measured by an external load cell with 2.2 kN capacity. The geometry
of the test specimens adopted a modified dog-bone shape (see Fig. 5) that in previous studies
was found to provide good agreement with the results obtained using ASTM type V specimens
[24]. Due to high longitudinal strength of the carbon fiber composite, this material was tested using
a 90 kN servo-hydraulic test frame. The quasi-static tests were conducted according to the ASTM
D3039 M standard [25] for the longitudinal tensile and transverse tensile properties. For shear
properties characterization, the 10° off-axis tensile test was employed [26]. Specimens for the
tests were waterjet-cut from the manufactured panel (Fig. 6), where shorter samples (40mm and

45 mm-long) were used in the high strain-rate testing, as will be discussed below.

Strain measurements for quasi-static tests were performed using the 2D digital image correlation
(DIC) technique, which included applying a stochastic speckle pattern on the surface of the
specimen (Fig. 7), recording the deformed specimen surface with a high precision optical camera
(Nikon D3200 DSLR camera fitted with a Sigma 105 mm /2.8 macro lens) and post-processing
the recorded images using the GOM Correlate software to measure strain. Test setup with the 90
kN machine and the optical camera is exemplified in Fig. 8. For illumination, a lighting kit
consisting of two fluorescent lamps was used (Fig. 8). Facet size of 19 x 19 pixels with the point
distance of 16 pixels was employed for the DIC analyses, while filtering of undesired data was
ensured by setting the admissible deviation of brightness within the facets to 20 gray levels.

Verification of the chosen set of DIC parameters was conducted by means of comparison of



determined material properties with data provided by the manufacturer, as described in Section

4.2

High strain rate testing of the composite material was conducted using the split-Hopkinson tensile
bar (SHTB) apparatus at the University of Waterloo (Fig. 9, see also [28]). The SHTB uses a gas
gun to propel a concentric hollow striker towards an end cap located at the free end of the incident
pressure bar. Upon impact, a generated tensile incident loading pulse travels towards the
specimen. As the incident wave reaches the specimen, a portion of it is transmitted into the
sample, causing it to deform at high strain rates, with the remainder being reflected. Strain gauges
placed on the incident and transmitter bars measure the incident, reflected and transmitted waves
(Fig. 10). The waves are then analyzed using standard Hopkinson bar equations to determine the
stresses and strain rates experienced by the sample. A detailed description of the split-Hopkinson
bar technique can be found in Ref. [29]. In all high strain-rate tests, strains were determined using
digital image correlation VIC-2D software from the Photron SA5 high-speed camera output. DIC
settings used for high strain-rate experiments were the same as those described above for the
quasi-static tests. Used speckle pattern is exemplified in Fig 7. For illumination, a high-power

monolight kit shown in Fig. 9 and Fig. 11 was employed in all high strain-rate tests.

Two groups of specimens, different in terms of length only, were cut from the composite panel as
(40 mm and 45 mm-long specimens in Fig. 6). As strain rate in SHB experiments is inversely
proportional to the length of samples, using specimens of different length allowed to vary strain
rates in the tests without additional adjustment of equipment parameters. In the following, shorter
samples will be referred to as SHBS and longer ones as SHBL specimens. Test setup for the
SHTB experiments is exemplified in Fig. 9. For clamping, specimens were bonded into the 16
mm-long slots in the incident and transmitter bars (see Fig. 9), which produced the unsupported

gauge length of 8 mm and 13 mm for SHBS and SHBL specimens, correspondingly.



In order to better understand the observed increase of the ultimate tensile stress of the composite
in the matrix-dominated transverse direction, an additional set of experiments was conducted at
increased strain rates with the neat epoxy resin. Due to the impedance mismatch of the resin and
bars, it was not possible to conduct split-Hopkinson bar tests with the neat epoxy specimens with
the same SHTB apparatus used in testing of the composite. Instead, the epoxy was tested using
the hydraulic intermediate strain rate (HISR) apparatus at the strain rate corresponding to

approximately 24 s-'. Test setup for the neat epoxy specimens is shown in Fig. 11.

4. Results and discussion
4.1 Microstructural characterization

Fig. 12 shows the main characteristic features of the material, including individual tows, resin-rich
zones between them and polyester stitching. The material had average tow width of 4.1 mm and
tow height of 0.43 mm. The microstructure features 0.14 mm-thick (on average) resin-rich layers

between the tows in adjacent plies and thick resin pockets between tows of the same ply.

The in-tow fiber volume fraction was measured using the digital image recognition tools of the
microscope. For these measurements, five “control areas” were isolated at different locations in
the same laminate. The areas themselves, as well as the calculated fiber volume fractions
corresponding to each of them are shown in Fig. 13, while red marks in Fig. 12 show the
approximate positions of the control areas on the laminate view. The average in-tow fiber volume
fraction was determined as being equal to 0.554, or 55.4%. It should be noted that because of
the thick resin-rich layers (Fig. 12), the average volume fraction of fibers in the composite is

significantly lower than the measured in-tow value and corresponds to 45%.

It was expected due to the high polymer matrix content that the composite could exhibit strain-

rate sensitivity of the matrix-dominant properties, such as transverse tensile strength and



transverse tensile strain-at-failure. Testing of the material at high strain rates is discussed in

Section 4.3 of the paper.

4.2 Quasi-static properties

Stress-strain curves obtained in the quasi-static tests of the composite are shown in Fig. 14. The
corresponding unidirectional ply properties, as well as the standard deviation, are presented in
Table 1. As shown in Fig.14a, the tensile response along the fiber direction is linear elastic as
expected due to the ideally non-crimp unidirectional reinforcing fibers. Along the matrix-dominated
transverse direction, the response is only slightly nonlinear (see Fig. 14c) which is distinct from
the tensile response of the resin (Fig. 16). In contrast, the in-plane shear response beyond an
initial elastic range is notably inelastic with > 5% strain at failure as shown in Fig. 14d, which is

consistent with unidirectional CFRPs.

It should be noted that in the off-axis tensile tests, as per methodology described in [26], shear
strain at any load during the test can be calculated as a function of strains measured on gauges
of either a rectangular or a 60-degree strain gauge rosette. To ensure consistency of the
calculations, strains in the first off-axis specimen were analyses using both types of rosettes. The
rosettes were constructed in the DIC software, as shown in Fig. 15. As expected, both rosettes
provided similar predictions of the shear strain values (Fig. 15, center). Correspondingly, only the

rectangular rosette was used for strain analysis for the remaining off-axis specimens.

In order to ensure consistency of the results and to verify adequacy of the chosen data processing
parameters (e.g., DIC parameters), some of the material properties obtained in this study were
compared with the corresponding properties provided by the fabric manufacturer [27]. In
particular, longitudinal tensile modulus and longitudinal tensile strength, which are known to scale
almost linearly with volume fraction of fibers (vs) as E; = E; -vs and X; = o; -v;, were compared.

Scaled down from the manufacturer-tested material with v; = 0.55 to the material considered in



this study (v; = 0.45), these properties can be approximated as E; = 97400 MPa and X; = 1145

MPa, which is within 5% agreement with the values presented in Table 1.

To enhance understanding of the composite behavior in matrix-dominant directions, as well as to
support future development of the mesoscopic computational models of the non-crimp fabric
reinforced composite, the neat resin matrix was also characterized in this study. The resulting
tensile engineering stress-engineering strain diagrams for the tested neat resin demonstrates low
variability (Fig. 16, Table 2). The observed response of the material correlated well with the
behavior of this and other similar epoxy resins described in the literature (see e.g. [30, 31]), where

a clear transition from elastic to inelastic behavior occurred with notable elongation at failure.

4.3 High strain-rate properties

Only strain rate sensitivity of the composite material along the matrix-dominated transverse
direction under tensile loading was studied in this work. The strain rates in the tests were relatively
constant and the average measured values for shorter (SHBS) and longer (SHBL) samples were
equal to 1925 and 1230 s, correspondingly. Several consecutive images recorded by the high-
speed camera during one of the tests are shown in Fig. 17. Formation of the longitudinal (with
respect to fiber direction) crack and stitching pullout are noticeable in the high-speed imagery. All
tested samples exhibited the failure in the vicinity of the bars (by the gage length), as shown in
Fig. 9 and 17. Measured values of the tensile transverse strength and transverse strain-at-failure

of the composite material are provided in Table 3-4 and also shown graphically in Fig. 18.

As can be deduced from presented data, the material exhibits strain-rate sensitivity along the
matrix-dominant transverse direction. Despite the limited number of tests conducted and
noticeable scatter in the results, the mean values of the composite’s transverse tensile strengths

at strain rates of 1230 s' and 1925 s' are approximately 18% and 20% higher than the
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corresponding value measured in the quasi-static experiments. For the transverse tensile strain-

at-failure, approximately 19% increase at high strain-rates can be reported.

It should also be noted that all specimens tested at high strain rates failed in the vicinity of the
constrained ends, where stress concentration is most likely present. Therefore, it may be
expected that increase of the transverse strength and strain-at-failure of the material with strain
rate can be even more pronounced than reported in this study. As a result, the reported values
should be considered as the lower-boundary estimates of the transverse tensile properties of the

material at the corresponding strain rates.

For the neat epoxy specimens tested at the rate of approximately 24 s, resulting stress-strain
diagrams are shown in Fig. 19. Average value of the ultimate tensile stress of the epoxy obtained
in these tests corresponded to 112 + 4 MPa (the particular source of uncertainty is unknown,
however a possible reason for variation of the measured ultimate stresses can be associated with
uncertainty of force measurement in these dynamic experiments), which is about 23% higher as
compared with the quasi-static value reported in Section 4.2 for this material. Similar trends have
been reported by other researchers for epoxy resins in [32, 33]. It can, therefore, be concluded
that the strain-rate sensitivity of epoxy resin coupled with the existence of the large resin-rich
zones between fiber tows (see Fig. 12) may be significant contributors to the overall strain-rate
sensitivity of the non-crimp carbon fabric-reinforced composite along the transverse direction.
However, presence of high fraction of the strain-rate non-sensitive fibers expectedly limits the
strain rate sensitivity of the CFRP when compared to that of the resin. Also, it should be recalled
that the high strain rate dependency observed for the studied non-crimp fabric material along the
tensile transverse direction was not observed for similar UD composites from the literature [17-
19] and may be a distinct property of the non-crimp fabric which is an important finding of this
study. In addition, the use of an internal mold release in the resin formulation, which is typical for

a rapid HP-RTM process, may also contribute to the enhanced strain rate dependency of both
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the neat resin and the CFRP material studied. A recent study [34] has shown that internal mold

release can influence the properties of carbon fiber epoxy materials.

7. Conclusions

This paper presented results of an investigation into the microstructure, quasi-static properties
and strain rate dependent mechanical response of an epoxy resin composite reinforced by

continuous non-crimp unidirectional fabric manufactured using an HP-RTM process.

The in-plane mechanical properties of the non-crimp fabric composite were first obtained at quasi-
static loading conditions and represent the material parameters required by most macroscale
material models for numerical (e.g. finite element) analysis of composite structures. This data is
supplemented with the analysis of microstructure of the material and quasi-static properties of its
constituent (neat epoxy resin) which can be used in the development of the numerical models

with the mesoscale representation of the composite.

In addition, the transverse tensile strength of the composite material and transverse tensile strain-
at-failure were characterized at high strain-rates using a split-Hopkinson bar apparatus. These
matrix-dominant properties were chosen for the high strain-rate characterization owing to the
measured strain-rate sensitivity of the studied epoxy from corresponding dynamic tests and the
large resin-rich zones observed between fiber tows in the composite as determined by the
microscopy analysis. Based on the limited number of high strain-rate experiments presented, it
can be preliminarily concluded that the studied composite material exhibits, as compared with the
quasi-static properties, approximately 18-20% increase in the tensile transverse strength and
strain-at-failure at strain rates on the order of 1000 s-'. This notable strain rate sensitivity in tension
along the transverse fiber direction is distinct from that reported in other studies for unidirectional
composites, and may be a distinct characteristic of stitch-bonded non-crimp fabric reinforced

polymers which is a key finding of this study. Also, the generated dynamic test data can be used
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to support the development of numerical models for crash simulations involving composite parts

fabricated by HP-RTM process.
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Figure Captions
Fig.1. Unidirectional CFRP fabric PX35 UD300 (scale in mm)

Fig.2. Manufacturing equipment used to fabricate composite panels: HP-RTM line (left); hydraulic
press (right)

Fig.3. Flat mold (left) and a manufactured panel (right)
Fig.4. Neat resin panel with the edges curved in manufacturing
Fig.5. Neat resin tensile test specimen

Fig.6. Dimensions and cutting directions of the specimens with respect to the panel and
manufactured specimens for mechanical testing

Fig.7. Test setup for the quasi-static experiments
Fig.8. Split-Hopkinson tensile bar apparatus and tested composite specimen

Fig.9. Incident, transmitted and reflected pulses recorded by strain gages of the split-Hopkinson
bar

Fig.10. Setup for the intermediate strain-rate tests of the neat epoxy
Fig.11. Optical images showing the microstructure of the UD fabric CFRP composite

Fig.12. Microstructural images used for in-tow fiber volume fraction measurements
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Fig.13. Loading curves for the composite specimens: a) longitudinal tension stress-strain curves;
b) strain-time for longitudinal and transverse directions for Poisson ratio measurement; c)

transverse tension stress-strain curve; d) stress-strain curves for the off axis tensile tests

Fig.14. Off-axis tensile test: shear strain measurement (rectangular and 60-degree rosettes) and
specimen failure mode

Fig.15. Stress-strain diagrams for neat epoxy specimens tested at the intermediate strain rate of
24 s-1 (curves in the figure correspond to five specimens tested at the same conditions)

Fig.16. Failure of a composite sample loaded along transverse direction, recorded by the high-
speed camera

Fig.17. Transverse strength (left) and transverse strain-at-failure (right) of the composite as a
function of strain rate (“min” and “max” correspond to the minimum and maximum values observed
in the experiments; “X” represents the mean value)

Fig.18. Uniaxial tensile test stress-strain diagrams for the neat resin specimens

Tables

Table 1 — Measured unidirectional ply properties

Property Mean value Standard deviation
Longitudinal Young’s modulus E;, MPa 102665 3769
Transverse Young’'s modulus E,, MPa 8109 170.7
Major in-plane Poisson’s ratio v;,, - 0.253 0.007
In-plane shear modulus G;,, MPa 3095 113
Longitudinal tensile strength X;, MPa 1204 50.1
Transverse tensile strength Y;, MPa 51.9 5.0
In-plane shear strength S, MPa 65.3 1.3
Longitudinal strain-at-failure €4, % 1.175 0.09
Transverse strain-at-failure €4, % 0.694 0.10
In-plane shear strain-at-failure y,5, % 5.357 0.26
Table 2 — Measured properties of the neat epoxy
Property Mean value Standard deviation
Young’s modulus E, MPa 3080 50
0.2% offset yield stress oy, MPa 46.66 1.73
Poisson’s ratio v, - 0.39 0.01
Ultimate tensile strength ayrs, MPa 85.76 0.65
Strain at ultimate tensile strength g5, % 7.16 0.31
Strain at failure g, % 8.15 1.11

Table 3 — Measured tensile transverse strength of the composite at different strain rates

Test 1 (MPa)

Test 2 (MPa)

Test 3 (MPa)

Mean (MPa)

Std. Dev (MPa)

Vv, %

Qs

46.43

56.31

5291

51.88

5.02

9.67
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SHBL (1230 s)

65.14

56.98

61.86

61.33

4.11

6.70

SHBS (1925 s7%)

60.96

54.13

71.72

62.27

8.87

14.24

Table 4 — Measured tensile transverse strain-at-failure of the composite at different strain rates

Test 1 (%) Test 2 (%) Test 3 (%) Mean (%) Std. Dev (%) CV, %
Qs 0.585 0.711 0.787 0.694 0.10 14.69
SHBL (12305%) 0.965 0.847 0.726 0.846 0.12 14.13
SHBS (1925 5°7) 0.793 0.851 0.771 0.805 0.04 5.13
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