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_________________________________________________________________________ 

Abstract: The mechanical properties of fiber-reinforced composites are time-dependent, in which 

both strength and stiffness are time-dependent due to the inherited nature of polymers, i.e. 

viscoelasticity. This study covers the creep/recovery and dynamic mechanical properties of high-

performance composites under low-stress loading. Flat unidirectional 6-layer laminates were 

manufactured by dry-filament winding and cured under hot compression. Four different laminates-

are studied: [0]6, [30]6, [60]6 and [90]6. Dynamic mechanical curves and creep behavior are highly 

dependent on the ply angle up to 60°, mainly for the storage modulus and higher strain in 

creep/recovery test. The glass transition temperature is influenced by the fiber orientation. 

Normalized dynamic mechanical curves are plotted aiming to study the behavior of the material 

passing through the glass transition temperature (Tg) peak. Despite the high modulus for the 

longitudinally oriented composite, a catastrophic failure could occur because the energy is dissipated 

in a narrow temperature range. On the other hand, the modulus decreases for angles towards the 

transverse direction, but the energy dissipation occurs in a broader temperature range. 

Creep/recovery also demonstrates a dependency on the fiber orientation, in which for higher storage 

modulus ([0]6), there is a higher resistance for strain – leading higher molecular hindrance compared 

with the other laminates. 

Keywords: Creep; Recovery; Viscoelasticity; Filament winding 

_________________________________________________________________________ 

1. Introduction 

High-performance carbon fiber reinforced polymer (CFRP) composites have outstanding 

strength- and stiffness-to-weight ratios, therefore they are traditionally chosen for advanced 

lightweight applications such as aerostructures, spacecraft, automotive, among others [1–4]. Among 

the manufacturing processes available for advanced polymer composites, filament winding (FW) 

stands out for being able to produce from flat laminates [5] to elbows and curved-surface structures 

[6–8]. The high fiber volume fraction and precision in angle deposition, along with the use of a pre-

tensioned and continuous reinforcement are the main features of FW [9]. CFRP composite structures 

usually have quasi-isotropic stacking sequences, which means the polymer has a major contributes 

to the mechanical performance of the structure given the presence of off-axis layers. This means that 

these materials are time- and temperature-dependent, essentially because they may operate under 
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constant loads and therefore their viscoelastic behavior needs to be taken into account in the design 

procedure [10,11].  

While the short-term mechanical behavior of composite laminates has been exhaustively 

explored [12,13], fewer investigations have been carried out on the long-term mechanical behavior of 

these composite systems. In this respect, rheological properties play a crucial role in the design and 

verification processes of composite parts under service, once it might compromise the durability of 

such structures[14]. In this context, the viscoelastic characterization is determinant to understand 

long-term durability performance of time- and temperature-dependent structures. For composite 

laminates with off-axis plies, for instance, creep is directly associated with the viscoelastic behavior 

of the matrix, which is strongly dependent on temperature, stress, and time [10,15]. 

A simple whilst effective way to determine the viscoelastic behavior of composites is through 

dynamic mechanical analysis (DMA), in which a variety of loading cases and within different 

frequencies and temperature ranges can be carried out. Besides, the mechanical response of the 

material at different phases (glassy, glass transition, and rubbery states) can be precisely determined. 

Since DMA tests can be costly, predictive tools are interesting alternatives to replace or complement 

experimental tests, which may lead to a substantial reduction of costs and still keep reliability on the 

obtained data. There are a few reports in the literature proposing analytical models to predict the 

thermomechanical behavior of polymers. For instance, Mahieux and Reifsnider [16] developed a 

spring and dashpot model to discuss relaxation times as a representation of local behavior for several 

thermoset and thermoplastic polymers. Their model was enhanced by Richeton et al. [17], who 

proposed a cooperative model for the yield stress of amorphous polymers for a wide range of 

temperatures, and then they validated the model for a variety of amorphous and semicrystalline 

polymers. Dupaix and Boyce [18] developed a constitutive model to predict the thermomechanical 

behavior of amorphous polymers in and above the Tg. A similar model has also been used by Bernard 

et al. [19] to predict the storage modulus over its three regions for a plasticized PVC polymer. As can 

be seen, there are several reports dealing with neat polymers, however none related to fiber-

reinforced composite materials. 

Looking for determining the long-term structural design of CFRP composites, a power-law 

model, which was originally proposed and disseminated by Findley et al. [20], has been successfully 

applied for similar composite systems [21,22], despite it is well known that Findley’s power-law 

model is simple-to-use and provides a reasonable approximation for linear viscoelastic material 

characterization, being able to predict long-term deformations under a wide range of temperatures. 

In fact, despite the type of load in which the structure is subjected, an understanding concerning 

changes in viscosity or relaxation times during the loading history is relevant. In this regard, the way 

that temperature affects the behavior of a particular material system, influencing both relaxation and 

thermodynamic features, is known as dynamic fragility [23]. The term “fragility” represents the 

sensitivity of the structural state of the material to temperature, and it has been used as a reference 

for the temperature-dependence of the transport constants (e.g., viscosity) or the relaxation time [24]. 

For example, Silva et al. [24] successfully correlated dynamic fragility with dynamic mechanical 

properties of natural fiber-reinforced composites, and the glass transition values are similar for 

several fiber contents. As the temperature passes by Tg, the decrease in the storage modulus seems to 

be more pronounced as the reinforcement effect appears to be more effective (for higher fiber volume 

fractions). This leads out to a possible catastrophic failure of the more reinforced materials as it passes 
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through the Tg. Gregorova et al. [25] studied the effect of the spruce wood flour in a poly (lactic acid) 

polymer using different surface treatments, and the results showed that, for both treated and 

untreated filler, the amorphous phase content has been enhanced. Consequently, the incorporation 

of untreated flour increased the dynamic fragility, whereas the treated reinforcement leads to lower 

values of the dynamic fragility. This means that, as the temperature pass through the glass transition 

temperature, estimated by the maximum tan delta peak, the “loss of modulus” is less prominent for 

treated reinforcement composites. All these studies show that the dynamic fragility depends strongly 

on the type of reinforcement, surface treatment, matrix, fiber orientation, among other variables.  

Regarding creep studies on CFRP composites under low stress, Ornaghi Jr et al. [15] 

investigate the influence of the stacking sequence and porosity on creep behavior of glass/epoxy and 

carbon/epoxy laminate composites. Creep/recovery and stress relaxation for carbon/epoxy 

composites have also been performed using a design of experiment approach [26]; by varying 

temperature and load bearing of carbon/epoxy using non-crimp fabric [27]. However, there is a lack 

in the literature on correlating the dynamic fragility concept with the viscoelasticity and 

creep/recovery behavior of CFRP composites, which is the main motivation and novelty of this study. 

In this context, this work aims at evaluate creep, recovery, and viscoelastic properties of 

unidirectional carbon/epoxy filament wound composite laminates under controlled stress, time, and 

temperature. A simple analytical model is also proposed to predict the storage modulus in the three 

phases of the structures, namely the glassy, glass transition, and rubbery states. 

2. Materials and Methods 

2.1 Materials  

Towpreg comprised of Toray T700-12K-50C carbon fibers with epoxy UF 3369 resin 

formulation with a fiber volume fraction of ≈70% has been used here. Flat laminates were 

manufactured on top of a stainless-steel rectangular mandrel using a KUKA robot [5]. Design and 

manufacturing of the laminates were aided by CadWind, which is a CAD and CAM software for 

filament winding. The laminates were later cured by hot compression under 3 tons for 150 min at 125 

°C. Four families of 6-layer (represented as subscript in the utilized notation) unidirectional laminates 

are studied: [0]6, [30]6, [60]6 and [90]6, as shows Figure 1. 

 

Figure 1. Schematic layout of the composite laminates studied. 

2.2 Methods 

The analyses were performed on a dynamic mechanical analyzer DMA Q-800 equipment 

from TA instruments using the three-point mode, to prevent clamping effects [28]. The dynamic 

mechanical runs were performed only to detect the glassy region. Two runs (heating rate of 10 and 
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3 °C.min-1, respectively) were carried out in the 25-100 °C range to eliminate interface effects [28], on 

the constant frequency of 1 Hz, pre-load of 0.1 N, the amplitude of 15 μm and force track of 125%. 

Creep tests were also conducted on the same equipment as DMA at 30 °C, and a static stress 

value of 2.5 MPa was applied at the center point along the length of the sample for 10 min after 

conditioning. Creep strain was measured as a function of time (60 min) at a constant temperature. 

After the static load was removed and the elastic recovery monitored for 60 min. For the [0]6 it was 

not possible to calculate creep parameters since the material practically did not show any flow. 

3. Results 

3.1. Dynamic mechanical properties  

Figure (a-c) depicts the dynamic mechanical curves for the composites studied. As can be 

seen in Figure (a), higher storage modulus in the glassy region is found for longitudinally oriented 

samples. The samples [60]6 and [90]6 seem to have similar modulus, expected since even slight 

changes in the winding angle led to substantial loss of both strength and stiffness properties. 

Furthermore, the glassy region range tends to be higher as the samples are longitudinally oriented, 

which is important due to an extension of the temperature range of use. Regarding loss modulus 

(Figure (b)), it follows the same trend found from storage modulus measurements. In addition, the 

curve width decreases for higher angles. 

 

Figure 2. a) Storage and b) loss moduli, and c) tan delta curves for all composites studied. 

 

Figure (c) shows tan delta curves for the samples studied. The highest tan delta value is for 

[90]6 sample whereas the lowest tan delta value was presented by [0]6 sample. Tan delta maximum 

peak shows no significant trend in relation to the maximum temperature point (with the exception 
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for [0]6 sample) showing that there is no direct relationship among the reinforcement effect (mainly 

in the glassy region) and the glass transition value obtained in the tan delta maximum peak. 

In order to predict the storage modulus in the three regions of the material, namely the glassy, 

glass transition, and rubbery states, the approach utilized by Bernard et al. [19] is herein employed. 

The model is based on the viscoelastic response of polymers which are highly dependent on the 

temperature and strain rate. Considering that the yield stress increases dramatically for low 

temperatures as well as for high strain rates, a derivative model considering the strain 

rate/temperature superposition principle of the yield stress can be used to correlate the relaxations in 

all three regions of the material using a Weibull approach to simulate the breakage of secondary links 

in the microstructure of the composites [17], as follows: 

𝐸(𝑇) = (𝐸𝑔 − 𝐸𝑝)𝑒
−(𝑇

𝑇𝛽
⁄ )

𝑚1

+ (𝐸𝑝 − 𝐸𝑒)𝑒
−(𝑇

𝑇𝑔
⁄ )

𝑚2

+ 𝐸𝑟𝑒
−(𝑇

𝑇𝑚
⁄ )

𝑚3

 
(1) 

where 𝐸𝑔, 𝐸𝑝 and 𝐸𝑟  are the instantaneous moduli at the beginning of the glassy, glass transition 

(elastomeric plateau), and rubbery regions, respectively; 𝑇𝛽, 𝑇𝑔, and 𝑇𝑚 are the temperatures of each 

transition, originally namely the secondary relaxation, glass transition, and melting temperature, 

respectively; and 𝑚𝑖  are the Weibull moduli parameters associated with breakage of secondary 

links. In order to precisely determine the temperatures of each transition (𝑇𝛽, 𝑇𝑔, and 𝑇𝑚), the storage 

modulus curves (Figure (a)) were separated into the three regions. 𝑇𝛽 is the initial temperature; 𝑇𝑔 

is determined between the slope between glassy and elastomeric plateau regions; while 𝑇𝑚 is the 

slope between glass transition and rubbery states. In order to find the best values for 𝑚𝑖 Weibull 

parameters, a backtracking line search algorithm was developed, which is a useful approach to 

determine the maximum amount to move along a given search direction. The parameters that best fit 

the experimental data are shown in Table 1. 

 

Table 1. Parameters to predict the storage modulus (Equation 1). 

Laminate 
𝑬𝒈 

(MPa) 

𝑬𝒑 

(MPa) 

𝑬𝒓 

(MPa) 

𝑻𝜷 

(K) 

𝑻𝒈 

(K) 

𝑻𝒎 

(K) 
𝒎𝟏 𝒎𝟐 𝒎𝟑 

[0]6 26.12 94.63 104.86 299.27 367.78 378.01 0 55 3 

[30]6 24.97 77.51 101.79 298.11 350.65 374.93 0 31 7 

[60]6 25.50 72.34 89.59 298.64 345.48 362.73 -1 29 19 

[90]6 25.18 74.59 99.51 298.32 347.73 372.65 1 31 19 

 

Figure  presents the results for the storage modulus prediction along with experimental 

dashpots. As can be seen, an excellent agreement between experimental and analytical data is found. 

Evaluating the prediction for the storage modulus for [0]6 laminate (Figure (a)), the transitions 

between glassy and glass transition, and between rubbery states, do not perfectly fit the experimental 

data which is attributed to the abrupt transition at the sigmoid. For the other specimens, the analytical 

model predicted very well all regions, inclusive the sigmoids, especially given the fact that the 

transition between the states is smoother, and then the optimum Weibull parameters fitter better the 

experimental data. 

In order to better understand the reinforcement effect on the storage modulus of the 

composite, the reinforcement effectiveness (𝐶) concept (Equation 2) can be utilized. Since the storage 
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modulus of different curves do not start from the same point, Equation 2 allows a rapid and easy 

interpretation of the storage modulus by normalizing the curves and comparing the storage moduli 

at the same temperatures and regions. Therefore, this normalization is proposed as follows 

𝐶 =

(
𝐸𝑔

′

𝐸𝑟
′⁄ )

𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒

(
𝐸𝑔

′

𝐸𝑟
′⁄ )

𝑟𝑒𝑠𝑖𝑛

         (2) 

where 𝐸𝑔
′  and 𝐸𝑟

′  are the storage moduli in the glassy (at 37 °C) and rubbery (at 130 °C) regions, 

respectively. In this parameter, a lower value means a more reinforced system, i.e. the difference 

among the values in all regions of the storage curves is smaller [29]. Likewise, greater values represent 

less effective reinforcement. Thus, 𝐶-parameter is a relative measurement of the decrease in modulus 

when temperature increases and the material passes through its Tg.  

Table 2 shows the 𝐶 -coefficient results for all composites in the study, both experimental and 

predicted (using data from Figure ) values. These results corroborate the previous findings, in which 

the higher the fiber orientation angle, the less the reinforcement effectiveness. From  

Table 2, it can also see that both prediction and experimental data are in good agreement, since the 

highest error is of 4.8%, whereas the lowest error is as low as 0.5%. 

The reinforcement efficiency can also be quantified in terms of the so-called adhesion factor 

(𝐴). The purpose is also to rationalize the observations. In this case, both storage and loss moduli are 

taken into consideration, since the tan delta parameter (loss/storage moduli ratio) is considered. This 

parameter is determined from the damping factor (tan delta) of both composite and resin (here 

collected from the resin datasheet). The 𝐴 parameter is calculated as follows: 

𝐴 =
1

1−𝑉𝑓

tan 𝛿𝑐

tan 𝛿𝑝
         (3) 

where 𝑉𝑓  is the fiber volume fraction (0.72 [5]), and tan 𝛿𝑐  and tan 𝛿𝑝  are the relative damping 

values for the composite and polymer, respectively. Considering that the samples are subjected to 3-

point bending (three-point bending clamp), the lower the fiber angle (i.e. 0°), the higher the 

fiber/matrix adhesion, since the fibers are aligned with the loading direction. Hence, the higher the 

A factor, the lower the fiber/matrix adhesion. 

 

Table 2. 𝐶-reinforcement effectiveness coefficient and 𝐴 adhesion factor for all laminates. 

Laminate 
C coefficient 

A factor 
Experimental Prediction Error (%)* 

[0]6 0.051 0.054 4.8% -0.23691327 

[30]6 0.266 0.279 5.0% -0.0365051 

[60]6 0.327 0.325 0.5% 0.222040816 

[90]6 0.333 0.323 2.9% 0.256173469 

*Error = ABS(experimental-prediction)/prediction 
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Figure 3. Experimental and predicted storage modulus for the a) [0]6, b) [30]6, c) [60]6 and d) [90]6 

laminates. 

 Figure  presents Cole-Cole plots for the laminates, which consist of plotting the loss modulus 

in the function of storage modulus in logarithmic scales. The nature of the Cole–Cole is indicative of 

the nature of the system, in which homogeneous polymeric systems have a semi-circle shape. 

Imperfect semi-circles indicate heterogeneity in the system, which is associated with either the 

relaxation process or fiber/matrix interface. 

 

Figure 4. Cole-cole plots for all laminates. 
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4.2 Dynamic fragility 

 Figure (a-c) shows normalized curves for all samples. According to Figure b, for instance, for 

longitudinally-oriented specimens, the width of the curve is broader and becomes narrower as the 

samples are transversally-oriented. Differently of neat polymers, which represents the structural 

degradation and gives an idea of the dynamic fragility (the broader the curve, the “stronger” the 

material is), in the current study, it is related to the decay of fall drop when the sample passes from 

the glassy to the glass transition region. The faster is the fall drop (Figure a), the narrower the width 

of the curve (Figure (b-c)). 

 

Figure 5. Normalized dynamic curves for the dynamic fragility interpretation. 

3.3. Creep/recovery behavior 

Figure  depicts the creep/recovery curves of the composites studied. The results indicate 

that the highest storage modulus is directly related to the lowest creep rate observed. Similarly, since 

creep is lower, the recovery is higher. Both behaviors were determined by applying the Burger model, 

which is based on Fancey’s study [30]. The models consider latch elements that are time-dependent, 

simulating the viscoelastic response of polymeric materials and using the Weibull distribution 

function, commonly used for representing the failure of elements in mechanical systems. 

휀(𝑡) = 휀𝑀 + 휀𝐾  + 휀∞         (4) 

휀(𝑡) =
𝜎0

𝐸𝑀
+

𝜎0

𝐸𝐾
(1 − 𝑒−𝐸𝐾𝑡 𝜂𝐾⁄ ) +

𝜎0

𝜂𝑀
𝑡      (5) 

where 휀(𝑡)  is the creep strain, 𝜎0  is the applied stress,𝑡 is the time, 𝐸𝑀  and 𝐸𝐾  are the elastic 

moduli of Maxwell and Kelvin springs, respectively, 𝜂𝑀 and 𝜂𝐾 are respectively, the viscosities of 

Maxwell and Kelvin dashpots. The parameter 𝜂𝐾 𝐸𝐾⁄  is also denoted as  𝜏 , the retardation time 

required to generate 63.2% deformation in the Kelvin unit [31]. The first term of Equation 4, 휀𝑀, is a 
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constant value and does not change with time. The parameter 휀𝐾  represents the earliest stage of 

creep and attains a saturation value in a short time and 휀∞ the parameter represents the trend in the 

creep strain at a sufficiently long time and appears similar to the deformation of a viscous liquid 

obeying Newton’s viscosity law. 

휀(𝑡) = 휀𝑖 + 휀𝑐 [1 − 𝑒(−𝑡 𝜂𝑐⁄ )𝛽𝑐
]       (6) 

where: 휀(𝑡) is the total strain over time, 휀𝑖is the instantaneous strain from the initial load application, 

휀𝑐 is the creep strain, 𝜂𝑐 is the characteristic lifetime and 𝛽𝑐 is the shape parameter. As the model 

suggests, latches are activated with time, and the triggering time of each latch is dependent on the 

stiffness of the correspondent spring and viscosity of the dashpot. Under creep conditions, triggering 

times would reduce for higher creep loads, thereby increasing the strain rate. The strain of the 

elements is related to the relaxation in amorphous materials, which is represented by time-dependent 

phenomena from Kohlrausch-Williams-Watts (KWW) function [32]. Initially, despite being 

represented by dielectric decays, this function is identical in form to the Weibull one. i.e., an empirical 

“stretched exponential” function. Thus, it allows characterizing creep in amorphous polymers. 

 

Figure 6. Creep and recovery curves for the composite laminates with different fiber orientations. 

 

Table 3 presents the results of Burger parameters for all composites (except for [0]6 – fitting 

error due to the extremely low deformation of the matrix). The parameter EM represents the 

instantaneous elastic creep strain (which could be instantaneous recovered at the removal of stress) 

and it is related to the elastic stiffness of the material. In addition, this parameter is temperature-

dependent and dependent to load carrying-capacity. Values of EM decrease with increasing the fiber 

angle, showing the dependency of this parameter with the fiber/matrix interface (the higher the angle, 

i.e. 90°, the weaker the interface). Parameters 𝐸𝐾  and 𝜂𝐾  represent the retardancy elastic and 

viscosity of Voigt elements. The increasing viscous flow of chain segments due to poorer stress 

transfer at the fiber/matrix interface makes the amorphous polymer movements promptly occur and, 

consequently, these values increase. The retardation time 𝜏 (𝜂𝐾 𝐸𝐾⁄  ratio) decreases as the fiber angle 

increases, indicating lower creep strength as the angles approach 90°. Furthermore, the permanent 

viscous flow, 𝑛𝑀, decreases as the fiber angle increases. Once it represents the irrecoverable creep, a 
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greater portion of molecules is necessary for cooperativity, leading to higher permanent deformation. 

Therefore, the higher the 𝑛𝑀 parameter, the higher the viscous flow. It is also worth mentioning that 

all fittings show R2 > 0.86. 

 

Table 3. Burger parameters for the composite laminates with different fiber orientation, at 30 °C 

temperature, and 2.5 MPa stress. 

4. Discussion 

4.1. Dynamic mechanical properties 

The higher values of storage modulus (Figure (a)) for longitudinally oriented samples are 

expected since the fibers carry out most of the applied stress. As the fiber orientation shifts up, 

adhesion forces take place, and the storage modulus decreases dramatically. The similar storage 

modulus for [60]6 and [90]6 samples suggests that if the reinforcement is placed between these angles, 

there is no significant influence on the storage modulus. 

Regarding loss modulus, the higher energy is stored per cycle of deformation for the samples 

longitudinally oriented, higher energy is dissipated, leading out to higher dissipation maximum 

peak. The results presented in Figure (b), initially, this result may suggest that the energy dissipation 

occurs in a broader temperature range. This is precisely reasonable for aerospace and aeronautical 

applications because if dissipation occurs in a narrow range, a catastrophic failure might occur. 

However, since the difference in magnitude of the values, mainly for [0]6 oriented sample, is very 

high, this result can lead to a wrong interpretation of the results. Thus, normalized results will be 

accounted for being already applied for composite materials. These results are discussed in Sub-

section 3.2, correlating them with the dynamic fragility concept. 

Regarding tan delta curves (Figure (c)), the curve height is, in general, lower for the 

longitudinally oriented samples, suggesting that most of the energy applied in the system is 

transferred from the matrix to the fibers of a more efficient manner when compared to other angles. 

Hence, better adherence between fiber and polymer is suggested due to the lower energy dissipation. 

Additionally, is no direct relationship among the reinforcement effect (mainly in the glassy region) 

and the glass transition value obtained in the tan delta maximum peak, as aforementioned. This is 

evident when it is compared the samples with notable storage modulus difference ([30]6 and [90]6), 

but similar glass transition values. In our case, the beginning of molecular motion (changing in the 

linearity of the curve) observed by tan delta curves seems to shift for higher temperatures, according 

to the longitudinal angle. So, it becomes very simplified to attribute the reinforcement effect only by 

 
[30]6 Error [60]6 Error [90]6 Error 

𝑬𝑴 (MPa) 1.3 × 103 1.7 × 102 4.2 × 102 3.3 × 101 3.7 × 102 3.5 × 101 

𝒏𝑴 (Mpa) 1.1 × 107 3.7 × 106 3.4 × 102 3.1 × 101 3.2 × 102 3.1 × 101 

𝑬𝑲 (Pa.s) 8.8 × 102 7.8 × 101 7.0 × 105 5.5 × 104 8.0 × 15 7.5 × 104 

𝜼𝑲 (Pa.s) 2.4 × 104 6.3 × 103 3.5 × 104 8.7 × 103 1.9 × 104 5.5 × 103 

𝑹𝟐 0.862 -- 0.962 -- 0.938 -- 

𝝉 (s) 27.31 -- 0.05 -- 0.02 -- 

𝝉 (min) 0.455 -- 0.001 -- 0.000 -- 



 

11 

 

using the tan delta maximum peak because, instead of for some part of pure polymers where seems 

to be a relation among the storage modulus in the glass region and the Tg values, so many variables 

are accounted, which becomes the task much more difficult. Thus, the dynamic fragility concept 

(which uses the Tg value as reference) will be analyzed using normalized curves, as proposed in a 

study by Wu et al. [33]. 

Regarding Table 1, the drop on the storage modulus in the different regions represents the 

“importance” of the relaxation processes. They essentially depend on the chemistry of the epoxy 

network, molecular weight, and degree of crosslinking. The Weibull moduli parameters ( 𝑚𝑖 ) 

correspond to the statistics of bond breakage. In order to permit rotations of side groups for 

secondary relaxations, the strength of bonds that likely to be broken depends on the position of the 

side group to the other molecular chains. As a consequence, a wide distribution of bond strengths is 

expected, therefore, 𝑚𝑖  might be small [34]. However, when the material is very homogeneous, 

which is the current case since epoxy is an amorphous polymer, 𝑚𝑖 parameters are expected to be 

large. Nonetheless, these Weibull moduli parameters also depend on the degree of inhibition of 

molecular motion. Whether the movement of molecular chains is local, i.e. due to crosslinking, 𝑚𝑖 

might be extremely low, approaching a Boltzman distribution [16]. 

 As shown in  

Table 2, the higher the winding angle (i.e. 90°), the higher the adhesion factor. This means that the 

[90]6 family of specimen has a low degree fiber/matrix interaction. The lower degree of interaction 

between fiber and matrix (high adhesion factors) yields an increase in the molecular mobility in the 

neighborhood of the carbon fiber compared to the epoxy. Then, damping tends to reduce at the 

fiber/matrix interface whenever there is a higher degree of interaction or adhesion between the 

constituents. Similarly, lower values of 𝐴 parameter means stronger fiber/matrix adhesion, where 

the laminate [0]6 has the lowest 𝐴 value. 

 From Figure , it is noticed a less wide semi-circle for the [0]6 laminate, attributed to a higher 

modulus and more abrupt drop from the glassy to the glass transition region. As the winding angle 

increases from 0° towards 90°, the smoother the drop in the storage modulus between the glassy and 

glass transition region, the wider the semi-circles become. Thus, as the winding angle approaches, 

the response of the laminate is more dominated by the epoxy resin, which makes the system become 

more homogeneous. This can be effectively seen in the Cole-Cole plots in terms of the semi-circle 

formation since the [90]6 specimen has semi-circle closest to a perfect circle amongst all laminates 

herein studied. Considering the relaxation time is the same for all samples, once the material system 

is the same, the fiber/matrix interface and stress transfer dominate this behavior. In order words, as 

the [0]6 specimen can store more energy before dissipating it compared to the other samples, from 

the moment that the sample dissipates the energy, it suddenly dissipates, which means that its 

storage-to-dissipation ratio is more homogeneous compared to the other specimens. 

4.2 Dynamic fragility 

The results (Figure ) suggest that, despite the higher storage modulus of these materials, the 

behavior changes when it passes through the glassy region, corroborating the use of this type of 

composite material mainly in the glassy region. This narrow distribution can also represent a fragile 

material, where the energy is dissipated in a narrower temperature range because the higher energy 
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is lost in this region (i.e., loss modulus). This “fragile” behavior represents a catastrophic failure of 

the material when it passes through the glass transition temperature. 

By comparing the fragility data of the current study with the data from Wu et al. [22], it is 

clear that a more profound discussion must be included here: the main transition from the glassy 

state to the elastomeric plateau usually involves different modes of molecular motion (local 

segmental motion, sub-rouse and Rouse mode). In general, the motion of different modes in different 

polymers needs the different sizes of free volume holes due to polymeric structures. As an example, 

Sub-Rouse and Rouse mode need larger free volume holes to move, while local segments need 

smaller free volume holes to move. Small free volume holes inevitably retard the motion of longer 

chain segments to a more significant extent than the local chain segments. As a result, the motions of 

chain segments with different lengths are separated from each other in the time or temperature scales, 

which broaden the relaxation spectra. Thus, it is expected that the storage modulus decay more 

smoothly, and the width of the maxima for loss modulus and the tan delta will be broader for stronger 

polymers. In our case, since the polymer structure is the same and consequently the molecular 

motions also, the only “external” influence is the fiber. Here, we will discuss the influence of the fiber 

in two main regions: the glassy region and the glass transition region. The fiber will positively 

influence (higher values) on the modulus in the glass region if the stress transferring mechanism is 

effective. But if the adhesion forces play a major role (as the angle ply changes transversally), many 

of the energy transferred will be lost as heat, and consequently, modulus will fall considerably. For 

neat polymers the glassy modulus region is influenced by the intermolecular forces and the chain 

packing efficiency; since polymeric matrices in this study are the same (and there is no chemical 

treatment in the reinforcement able to promote some chemical interaction), it is possible to consider 

that the two parameters above do not change. Thus, the main influence will be the stress transferring 

efficiency, since the interface (which plays a major role in composites) is the same for all samples. As 

the sample pass through the glass transition region, since more energy was stored for the longitudinal 

specimen, as the molecular motion begins, more energy will be dissipated. For our samples, this 

occurs in a narrow temperature range (Figure b), which means that the failure occurs in a catastrophic 

way. So, despite the reinforcement effect is higher for longitudinally samples, if the temperature of 

use exceeds the glassy region, catastrophic failure will occur, for sure. As the angle ply changes 

transversally, the modulus will be lower, but the failure will happen more smoothly. So, for our 

composites, a broadening in the relaxation spectra does not mean a dynamic stronger system (as seen 

for polymers by Wu [33]). In our case, it becomes easier to think only in terms of energy storage in 

the glassy region. Higher energy storage will reflect in higher energy dissipation, and if this 

dissipation occurs rapidly (at once), the spectra will be narrow. It is important to mention that this 

higher fall drop from glass transition observed for [0]6 composite does not mean that higher 

reinforcement will have a higher fall drop. 

4.3. Creep/recovery behavior 

As shown in Figure , curve behavior for [60]6 and [90]6 was similar, as well as the parameter 

values. Higher the angle of fiber orientation, more chain mobility takes place, leading to lower 

stiffness and hence lower values for EM. The results can also be associated with dynamic curves, 

where the storage modulus at the glassy region for these both composites, [60]6 and [90]6, showed a 

poorer stiffness concerning the [30]60 composite, and hence, more creep strain is achieved. 
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The temperature applied in the materials acts in a way to excite the molecules and modify 

the mechanical properties of the material, due to the resulting molecular distance [15,26]. According 

to Daneshjoo et al. [35], the material response through three-bending load perpendicular applied in 

the fiber direction (i.e., 0) is managed by the cohesive strength of the interface (reinforcement/matrix) 

and the resistance of the fiber itself. Confirming the previous statement, the material behavior with 

an angle of zero showed greater storage modulus and less creep deformation, related to frequency 

(DMA test) and 2.5 MPa load (creep/recovery test). From the angle adopted, the mechanical response 

becomes represented by the interfacial interaction with less influence of fiber traction. Thus, the result 

of storage modulus decreases, and the creep capacity increases. This result is stabilized after 60 

degrees, in which the interfacial response of module and deformation is like the results of materials 

with angles of 90°. 

5. Conclusions 

In this study, the influence of fiber orientation on viscoelasticity and creep/recovery behavior 

of filament-wound composite laminates is demonstrated, in which a complete investigation of 

dynamical mechanical and creep/recovery for [0°]6, [30°]6, [60°]6 and [90°]6 is carried out. 

Dynamic mechanical curves and creep behaviors are highly dependent on the ply angle, in 

which the released energy is governed by both ply angle and fiber/matrix interface. The glass 

transition temperature is not influenced by fiber orientation. The results of normalized dynamic 

mechanical results show that despite the high modulus for the longitudinally composite, a 

catastrophic failure could occur because the energy is dissipated in a narrow temperature range. On 

the other hand, the modulus decreases with a shift on the winding angle towards the transverse 

direction, but the energy dissipation occurs in a broader temperature range. Creep/recovery also 

demonstrates a dependency of fiber orientation, in which the higher the storage modulus 

(longitudinally-oriented composite), the higher the strain resistance. A fiber orientation up to 60° 

shows less storage modulus and higher strain than the transversely-oriented sample since its 

mechanical response becomes more dominated by the interfacial adhesion, leading to higher 

molecular motion. 
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