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ABSTRACT

The energy dissipation during forming of composite materials may be rooted in various mechanisms. One
of the main dominant factors is the partially viscous behavior of the resin, and even fibers, especially
when they are intertwisted. The viscous nature of these composite material components imply that their
mechanical behavior should be modeled based on the rate of forming. In this article, the viscoelastic
behavior of a typical thermoplastic woven fabric is obtained experimentally, both at room and high
temperatures, and is subsequently modelled by a new method based on fractional calculus. The results
clearly show that the viscoelastic moduli of the material, especially at lower temperature regimes, would
be more accurately modeled through fractional time derivatives.

1 Introduction

To provide an accurate prediction of the forming processes of fabric composites at different forming
conditions, comprehensive material models are required to capture the behavior of textile-reinforced fibers
embedded in the surrounding matrix. Mostly in advanced forming numerical models, elastic material
models, e.g. linear elastic, non-linear elastic models such as hyper-elastic and hypo-elastic [1-3] have been
utilized for the reinforcing fabric. However, in practice, during forming processes a significant energy loss
has been noticed which cannot be addressed with the above mentioned models. The energy dissipation can
be due to several factors at the material level such as:

e Intra-yarn friction, crimping and undulation of fibers;

e chain disentanglement, rupture of bonds, network rearrangement, slippage and friction at micro-

level between polymer chains of resin and fiber materials;
o friction between weft and warp yarns at meso-level,
e inter-ply friction, slippage and shear between different plies at macro-level,

Due to the above factors, hysteresis of composites can play a critical role during the pre-forming and
forming stages, which is a key aspect of the analysis to capture the correct state of deformation and
stresses at the end of the process. Bearing in mind that composite materials can experience a combination
of tensile, shear and bending deformation modes during forming, it is essential to consider the dissipative
effects during these modes. Also it should be mentioned that environmental effects such as processing
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temperatures can affect the viscoelastic properties of composites [4]. Accordingly, the main motivation of
the present study is to provide a new modelling framework, based on fractional calculus, to characterize
the viscoelastic behavior of a textile reinforced composite at both room and high temperatures. Given the
multi-scale nature of woven fabrics, the viscoelastic behavior both at meso-level (i.e. single yarns
unraveled from the fabric roll) and at macro-level (i.e. the fabric ply) are studied herein. These results can
be eventually used in the future process modelling framework to provide more accurate forming analyses.

2 Methodology

2.1 Experimental evidence for energy dissipation in a typical woven fabric

Figure 1 shows the tensile and bending behavior of a typical thermoplastic woven prepreg fabric used in
this study under loading-unloading regimes to capture the hysteresis of the samples. The dominant energy
loss in both in-plane and out-of-plane deformations is clearly evident. On the other hand, Figure 2 shows
the material behavior as a function of time which is commonplace in forming processes, such as
compression molding, stamp forming, RTM, VARTM, etc. [4,5] . It can be seen that the composite
response varies notably at different time stations; 10-40% stress relaxation in less than 40 seconds at each
step, depicting the dominant viscous behavior as the main source of the dissipative process.

2.2 Standard relaxation testing

Next, for the subsequent viscoelastic modeling purposes, standard stress relaxation tests were conducted
where the sample was mounted on the gripper of an Instron tensile machine to apply tension up to 1.5%
strain. The samples were then held undeformed for 10 hours at room temperature condition and then for 5
hours in a custom-designed thermal chamber at a prescribed temperature (95, 115, and 130 °C). The test
setup is shown in Figure 3. In this process, temperature is controlled by a thermocouple with three wires.
A cooling system as well as an extension bar was mounted onto the test-setup to prevent the temperature
effect on the load-cell of the tensile machine.

2.3 Fractional viscoelastic modeling
The relaxation modulus for the fractional derivative model used in this study can be written as follows [6]:

1
G(t) = ( ) = Eo{1 + [(—)“ —1]E,(— (—)“)} @
in which E () isthe Mlttag Leffler functlon of order a given by
Ee(®) = 2o rpm 2)

where I'(.) is the Gamma function. In this model, there are four parameters «, E, T, and 7, which can be
identified for the fabric from the standard relation experiments. It is worth mentioning that the case a = 1
represents the model at the integer order, resulting in E,(x) = e* and hence the stress response in the
form of exp(—t/t,) for relaxation.



8 120
7 100
= 6 =
Qg a 80
p 2
24 > 60
g3 £ 40
) »
1 20
0 0
0 0.01 0.02 0.03 0.04 0.05 0 010203040506070809 1
Strain (%) Strain (%)
(a) (b)
0.6
04
~0.2 0.2
23 2
g 8
Loz g 44 02" o
-0.4
- - -0.6
Time (minute) Curvature (1/mm)
(c) (d)

Figure 1: Conducted tests under loading-unloading regimes of an E-glass fiber/ polypropylene pre-
consolidated plain weave (under commercial name Twintex), depicting a large dissipative energy at
both deformation modes: (a) low strain response for tensile test, (b) high strain response under
tensile test, (c) reaction force vs. time for bending experiments and (d) the force-curvature curve
during cyclic bending experiments. Each test was repeated three times.

——[Extension = Stress

12 3
10 2.5/§
§ 8 2 ?E/
) [¢B]
§ 6 1.5§
— ©
2 050

0 0

0 200 400 600 800

Time (s)

Figure 2. Response of the sample under a step-wise forming regime.
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Figure 3. Experimental setup employed in the relaxation tests.

3 Results and Discussion

In this section, viscous parameters of a single yarn at room temperature, fabric at room temperature as
well as 95, 115, and 130 °C are presented. Two approaches, fractional order (i.e. the new model) and the
standard integer order (i.e., standard linear solid model also known as Zener model [6]) are examined to
compare and analyze the results. The calibrations of the models are carried out in MATLAB by
minimizing the error between the experimental data and the predictive model. As can be seen from Figure
4, the fractional derivative model shows a more accurate calibration compared to the integer model. The
most striking observation from this data comparison was that at higher temperatures, just before the
melting temperature range (110~175 °C), the predictions of the fractional model and the integer model are
similar. At this stage, the polymer matrix enters the melt state, and starts to flow, a behavior that was also
observable with naked eye. In other words, the effect of the polymer (mainly responsible for the rubbery-
like behavior of the fabric) reduces at high temperatures and the composite fabric enters a glassy regime
(a = 1) dominated by the fiberglass fabric reinforcement and only then, the integer modeling (as
commonly employed in the literature) becomes sufficient to represent the fabric composite material’s
behavior. The identified model parameters are summarized in Table 1.

Remark: Recently the authors have also compared the performance of the fractional model with the
frequently used Prony series for the composite yarn (see [7] for details). As expected, it was found that the
Pony series can show far better results than the integer models. However, by comparing 2-term and 3-term
Prony series to the fractional model, it was found that the prediction error evaluations are much favored
toward the fractional model. It is worth highlighting the fact that the fractional model has only used 4



terms in comparison to the 2-term and 3-term Prony series, which have a total of 4 and 6 parameters,

respectively.
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Figure 4: (a) Relaxation of a single yarn and the fabric at different forming temperature conditions:
predictive models vs. the experimental data from relaxation tests.

Table 1: Parameters of the two models for the single yarn and the fabric samples tested

Temperature a T, T, Ey(GPa)
Single yarn
Fractional model
Room temperature 0.571 2884.5 3669.3 5.616
Integer model
Room temperature 1 49655.8 5364.7 5.735
Fabric
Fractional model
Room temperature 0.3474 490.20 2.4909 x 103 0.35860
95+5°C 0.7530 1419.9 7.3727 x 10* 0.01515
115+ 2°C 0.9418 2037.3 6.7269 x 103 0.21985
130+ 2°C 1.0024 24459 1.0547 x 10* 0.21463
Integer Model
Room temperature 1 4557.3 5483.3 0.40344
95+ 5°C 1 1968.4 1.4054 x 10* 0.03407
115+ 2°C 1 2156.0 6.2298 x 103 0.22749
130+ 2°C 1 24411 1.0606 x 10* 0.21406




4  Conclusion

During composite forming processes, the prepreg fabrics undergo a mixture of combined loading and
displacement boundary conditions, e.g. in-plane and out-of-plane deformation, multi-step deformation,
along with severe thermal and pressure effects, loading-unloading, etc. During these processes,
irreversible behavior of the fabric, even at room temperature, is observed which affects and alters
properties of the final components. Hence, the viscoelastic behavior of a select woven fabric, as the main
source of dissipative process during forming, was studied and analyzed by means of an improved
modeling framework based on fractional derivatives. The model consisted of four unknown parameters
that were determined by fitting the models to the experimental data from relevant tests and compared to
the classical integer model. The results indicated that the fractional model has far more accuracy in terms
of characterizing the viscous behavior of the material, especially at the early stages of relaxation. The
most interesting finding was that at higher temperatures (where the polymer matrix became highly
compliant), the fractional model showed a more reinforcement (fiberglass)-dominant behavior (a — 1)
for the fabric composite viscoelasticity and the prediction became comparable to the integer model.
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