
On creep, recovery, and stress relaxation of carbon fiber-reinforced
epoxy filament wound composites

Almeida Jr, J. H. S., Ornaghi Jr, H. L., Lorandi, N. P., Marinucci, G., & Amico, S. (2018). On creep, recovery, and
stress relaxation of carbon fiber-reinforced epoxy filament wound composites. Polymer Engineering & Science,
58(10), 1837-1842. https://doi.org/10.1002/pen.24790

Published in:
Polymer Engineering & Science

Document Version:
Peer reviewed version

Queen's University Belfast - Research Portal:
Link to publication record in Queen's University Belfast Research Portal

Publisher rights
Copyright 2021 Society of Plastics Engineers.
This work is made available online in accordance with the publisher’s policies. Please refer to any applicable terms of use of the publisher.

General rights
Copyright for the publications made accessible via the Queen's University Belfast Research Portal is retained by the author(s) and / or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated
with these rights.

Take down policy
The Research Portal is Queen's institutional repository that provides access to Queen's research output. Every effort has been made to
ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in the
Research Portal that you believe breaches copyright or violates any law, please contact openaccess@qub.ac.uk.

Download date:23. May. 2023

https://doi.org/10.1002/pen.24790
https://pure.qub.ac.uk/en/publications/29491e65-c28a-4e38-a5d6-aa65433178dd


1 

 

ON CREEP, RECOVERY AND STRESS RELAXATION OF CARBON FIBER 

REINFORCED EPOXY FILAMENT WOUND COMPOSITES 
 

José Humberto S. Almeida Jr.a*, Heitor L. Ornaghi Jr.b, Natália Lorandib, Gerson 

Marinuccic, Sandro C. Amicod 

 

aDepartment of Composite Materials, Leibniz-Institut für Polymerforschung Dresden e.V., Hohe 

Straße 6, 01069 Dresden, Germany 

bPGMAT, Caxias do Sul University, Rua Francisco Getúlio Vargas 1130, 95070-560 Caxias do 

Sul, RS, Brazil 

cNuclear and Energetic Research Institute – IPEN/CNEN, Av. Prof. Lineu Prestes 2242, 05598-

900 São Paulo, SP, Brazil 

dPPGE3M, Federal University of Rio Grande do Sul, Av. Bento Gonçalves 9500, 91501-970 

Porto Alegre, RS, Brazil 

______________________________________________________________________________ 

 

 

 

 

 

 

 

Abstract 

 
*Corresponding author: jhsajunior@globomail.com; humberto@ipfdd.de 

Phone: +49 351 4658 1423; Fax: +49 351 4658 362; ORCID: 0000-0002-9408-7674 

mailto:jhsajunior@globomail.com


2 

 

This work encompasses an analytical procedure and experimental tests for the study of 

creep/recovery, stress relaxation and viscoelastic behavior, focusing on the glassy state, of carbon 

fiber reinforced epoxy filament wound composites of distinct fiber orientation: [0]4, [30]4 and 

[60]4. The laminate with longitudinally aligned fibers did not show significant creep and its 

storage modulus was the highest in comparison to the other angles. Both creep and recovery 

responses were studied based on a Weibull distribution approach at two stress levels (2 and 5 

MPa) and the results were found more comprehensive for the highest level. Stress relaxation 

modulus was calculated using 1% strain and decreased with the fiber orientation angle. The 

results were corroborated by those of isothermal tests based on non-linear regression. 

 

Keywords: Isothermal measurement; non-linear regression; creep; stress relaxation; Weibull 

distribution. 
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1. Introduction 
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Composite materials are predominantly used in the replacement of metallic-based 

materials aiming to improve specific short-term [1,2] and long-term [3,4] mechanical properties. 

Carbon fiber reinforced polymers (CFRP) have a time-dependent behavior due to the viscoelastic 

and viscoplastic nature of the polymers [5]. However, the lack of a more comprehensive 

understanding of the essential parameters controlling durability of CFRPs mechanical 

performance inevitably leads to over-designing, which inhibits their wider utilization. To 

investigate creep in polymer composites is essential to understand how the structure behaves 

under a particular loading over a long time. These structural composites are mostly used in the 

glassy region [6,7], where the critical stress required to plastically deform the amorphous 

polymer is related to the displacement of bundles of chain segments against local restraints of 

cohesive secondary bonding forces and internal rotations [8]. 

Since intrinsic stiffness of a polymeric composite is more stable and higher below the 

glass transition temperature (Tg) [9], long-term properties, such as creep, are usually investigated 

in the glassy state [10]. Their dynamic mechanical creep/recovery characteristics, as well stress 

relaxation properties are mainly dependent on the polymeric matrix due to its viscoelastic nature 

especially when loading is not applied in the longitudinal fiber direction. Indeed, creep response 

depends on the reinforcement architecture, e.g. fiber direction, which influences the matrix 

response. For instance, Berardi et al. [11] carried out a theoretical and experimental investigation 

on creep phenomena of unidirectional glass fiber reinforced polymer laminates and their 

constituents under tensile loading and the long term behavior of the laminates and the fibers was 

modelled by using Burger rheological law [12]. 

Prediction of long-term creep from short-term experimental tests can be reached by using, 

for instance, the time-temperature superposition principle (TTSP) [13]. However, most of these 

studies evaluate short fiber composites [13,14]. For long fiber reinforced composites, creep is 
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largely more prominent in the polymeric matrix due to its viscoelastic nature. As a natural 

consequence, the mechanical response of a composite loaded in the fiber direction is usually 

negligible. For example, Miyano et al. [15] performed experimental tests in CFRPs under tensile 

and flexural loadings, and their behavior was found dependent on loading condition and 

temperature. They also concluded that the TTSP principle was suitable to predict their lifetime. 

Fancey [16] proposed a stretched exponential model based on a Weibull distribution 

function which accounts for a time-dependent phenomenon, similar to the model developed by 

Kohlrausch-Williams-Watts (KWW) [17]. This model uses creep and recovery measurements to 

assess typical lifetime of the material. In another study, Fancey [18] proposed a stress relaxation 

function based on an Eyring potential energy barrier model [19]. Both models can correlate creep 

in amorphous materials with the motion of matter to molecular jumps. For the latter, the 

approximation follows the Kohlrausch stretched exponential formula [20]. Nevertheless, 

restrictions to the relaxation process imposed by the fiber reinforcement reflect on the parameter 

calculated from Weibull distribution in creep/recovery and stress relaxation measurements. This 

effect is scarcely studied in the literature. 

Another important non-conventional method that can be used to elucidate these data is the 

calculation of dynamic and stress relaxation moduli using isothermal analyses in a range of 

frequencies [21,22]. With this method, it is possible to investigate variations in relaxation 

strength and creep compliance in a particular region of interest for a deeper interpretation of the 

results. Deng et al. [23] applied this methodology to evaluate the temperature-dependence of 

stiffness of epoxy resins. 

In this context, the aim of the present study is to apply the Weibull distribution approach 

to investigate both creep/recovery and stress relaxation responses in relation to isothermal and 

dynamic mechanical properties of filament-wound carbon fiber reinforced epoxy composites. 
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Both dynamic and stress relaxation over a wide range of frequencies are evaluated. Furthermore, 

the influence of fiber orientation on these characteristics is discussed. 

 

2. Experimental 

The towpreg used in this work was supplied by TCR Composites, which is comprised of 

Toray T700-12K-50C carbon fibers with epoxy UF 3369 resin formulation. A fiber volume 

fraction of ≈70% was experimentally measured following ASTM D3171-11. The flat laminates 

were manufactured on top of a rectangular stainless steel mandrel using a KUKA robot. Design 

and manufacturing of the laminates were aided by CADWind2007, which is a CAD and CAM 

software for filament winding. The laminates were later cured by hot compression under 3 ton for 

150 min at 125 °C. Three families of unidirectional laminates were studied: [0]4, [30]4 and [60]4. 

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

from TA instruments using three-point mode, to prevent clamping effects [23], in duplicate. The 

dynamic mechanical runs were performed only to detect the glassy region. Two runs (heating rate 

of 10 and 3 °C.min-1) were carried out in the 25-200 °C range to eliminate interface effects [24], 

using constant frequency of 1 Hz, pre-load of 0.1 N, amplitude of 15 μm and force track of 

125%. 

Creep tests were performed using a static stress of 2 or 5 MPa applied at the center of the 

long side of the sample for 30 min after equilibrium at the desired temperature (30 °C), and 

measuring creep strain as a function of time. Creep and recovery tests were performed at 30 °C 

using a stress of 2 or 5 MPa for 60 min followed by a recovery for 60 min, with a preload of 

0.001 N. Two samples (dimensions: 50 × 10 × 1.4 mm3) were used in each DMA and creep test. 

A latch-based Weibull model [16] was applied aiming to predict creep and recovery 

behavior of the laminates. Equations (1) and (2) were used for creep and recovery, respectively: 
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휀𝑐𝑡𝑜𝑡(𝑡) = 휀𝑖 + 휀𝑐 [1 − exp (− (
𝑡

𝑛𝑐
)

𝛽𝑐

)]           (1) 

휀𝑟𝑣𝑖𝑠(𝑡) = 휀𝑟 [exp (− (
𝑡

𝑛𝑟
)

𝛽𝑟

)]+휀𝑓       (2) 

where: 휀𝑐𝑡𝑜𝑡(𝑡) and 휀𝑟𝑣𝑖𝑠(𝑡) are the total strain under an applied load and the strain recovery, 

respectively, 휀𝑐(𝑡)and 휀𝑟(𝑡) are the creep strain and the remaining contribution from 

viscoelasticity at time 𝑡, 휀𝑖 and 휀𝑓 are instantaneous strain and viscous flow, respectively, 𝛽𝑐 and 

 𝛽𝑟 are the shape parameter for creep and recovery, respectively, and 𝑛𝑐 and 𝑛𝑟 parameters are 

the typical life for creep and recovery, respectively [16]. 

The stress relaxation modulus (𝜎𝑟𝑒𝑙(𝑡)) was analyzed at a strain of 1%. Equation (3) was 

used for Weibull fitting [18]: 

𝜎𝑟𝑒𝑙(𝑡) = 𝐴. 𝑎𝑡𝑎𝑛ℎ [tanh(𝐵) exp (−
𝑡

𝜏
)] + 𝜎𝑒   (3) 

where: 𝐴 and  𝐵 are constants, 𝜏 is the relaxation time at a particular time 𝑡, and 𝜎𝑒 is the final 

stress as 𝑡 approaches infinity. 

 Isothermal measurements were performed at 30 °C.min-1 (in the linear-viscoelastic 

domain) at a range of frequencies (1-50 Hz) following the procedure described in Guedes [21], 

where a general discrete model - generalized Kelvin or Maxwell - is used to fit the complex 

compliance or complex modulus, respectively. The results were obtained using NLREG software 

for solving nonlinear ill-posed inverse problems based on non-linear Tikhonov regularization 

[22]. Equations (4-11) have been applied for the calculation of those parameters. 

𝐺(𝑡) = 𝐺𝑒 + ∫ ℎ(𝜏)𝑒−𝑡/𝜏𝑑𝑙𝑛𝜏
∞

−∞
       (4) 

𝐺´(𝑤) = 𝐺𝑒 + ∫ ℎ(𝜏)
𝜔2𝜏2

1+𝜔2𝜏2 𝑑𝑙𝑛𝜏
∞

−∞
         (5) 

𝐺"(𝜔) = ∫ ℎ(𝜏)
𝜔𝜏

1+𝜔2𝜏2 𝑑𝑙𝑛𝜏
∞

−∞
      (6) 
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𝐽(𝑡) = 𝐽𝑔 + ∫ 𝑙(𝜏) (1 − 𝑒−
𝑡

𝜏) 𝑑𝑙𝑛𝜏 +
𝑡

𝜂0

∞

−∞
    (7) 

𝐽′(𝜔) = 𝐽𝑔 + ∫ 𝑙(𝜏)
1

1+𝜔2𝜏2
𝑑𝑙𝑛𝜏

∞

−∞
         (8) 

𝐽"(𝜔) = ∫ 𝑙(𝜏)
𝜔𝜏

1+𝜔2𝜏2 𝑑𝑙𝑛𝜏 +
1

𝜔𝜂0

∞

−∞
          (9) 

𝑙(𝜏) =
ℎ(𝜏)

[𝐺𝑒−∫
ℎ(𝜇)
𝜏
𝜇−1

𝑑𝑙𝑛𝜇
∞

−∞ ]2+𝜋2ℎ(𝜏)2
     (10) 

ℎ(𝜏) =
𝑙(𝜏)

[𝐽𝑔+∫
𝑙(𝜇)

1−
𝜇
𝜏−

𝑑𝑙𝑛𝜇−
𝜏

𝜂0

∞
−∞

]2+𝜋2𝑙(𝜏)2
       (11) 

where: 𝐺𝑒 is the equilibrium modulus, 𝐽𝑔 is the instantaneous compliance, and 𝜂0 is the zero shear 

viscosity. ℎ(𝜏) and 𝑙(𝜏) are the relaxation and retardation spectrum, 𝜏 is the relaxation time, 𝜔 is 

the frequency, and 𝜇 represents the correlation between the relaxation and retardation spectra in 

which 𝐻  is assumed to be linear at that interval, with the slope of its tangent at 𝜇 = 𝜏. Thus, 

integration is carried out within a small distance of the singularity, and the positive and negative 

contributions within the interval 𝑙𝑛𝜏 − 𝛿 to 𝑙𝑛𝜏 + 𝛿 will cancel if 𝐻 changes slowly. 

 

3. Results and discussion 

Figure 1 depicts storage modulus, loss modulus and tan delta for the composites focusing 

on the glassy region. Storage modulus decreases with respect to fiber orientation. For the [0]4 

laminate, stress transfer between matrix and fiber is more efficient, increasing modulus. Also, the 

difference in storage modulus in the [30]4 and [60]4 pair is lower in comparison to [0]4 and [30]4, 

that is, the difference in storage modulus is less significant at higher angles. 

<< Insert Figure 1 >> 

Observation of the loss modulus is important because that is where molecular motion is 

more efficiently studied [25], so it was vital to select a temperature within the glassy region to 
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perform the creep/recovery and stress relaxation analyses. The tan delta curves shows the same 

trend of the loss modulus in which the composites with fiber orientation closer to 90° showed a 

shift to higher temperatures since more thermal energy is necessary to achieve significant 

molecular motion. 

According to the creep/recovery results shown in Figure 2, instantaneous strain is higher 

as the stress level increases, as expected. Also, strain is higher for higher angles and it is more 

difficult to recover it, as the stress level is increased. A Weibull distribution was used to 

investigate these results and Table 1 shows the Weibull parameters obtained (see Eq. 1) at 2 and 

5 MPa stress levels. The instantaneous strain caused by the load producing creep is represented 

by 휀𝑖 parameter, which increases as orientation angle and stress level increase. The creep strain 휀𝑐 

follows the same trend, i.e. deformation is larger for higher applied stress and for higher angles 

where the fiber reinforcing action is less prominent. 

<< Insert Figure 2 >> 

A higher 𝛽𝑐  parameter indicates a slower decrease in strain rate with time, but in this 

work no trend could be found regarding 𝛽𝑐. As explained by Fancey [16], who studied Nylon 6.6 

reinforced composites using the latch model, a slower strain rate would allow a greater proportion 

of latches with longer trigger times to become activated during the creep cycle. Thus, the slower 

the rate is, the higher the 𝛽𝑐 values. In the case of this study, perhaps the stress level of 2 MPa is 

too low for any significant difference to be noticed (the resulting deformation is too small). 

<< Insert Table 1 >> 

 The 𝜂𝑐 parameter represents the characteristic lifetime of the samples until break when 

deformed at a 휀𝑐 strain-rate. In Fancey’s study [16], 𝜂𝑐 values decrease with increasing applied 

stress for a Nylon 6.6 fiber reinforced composite. This is attributed to higher strain-rates arising 
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from faster activation of available latch elements. A similar trend was observed here only for the 

[30]4 and [60]4 samples, perhaps because, for the [0]4 sample, deformation is too low. 

In general, the results obtained from the Weibull fitting were coherent, especially for the 

composites under 5 MPa stress. Some deviations were observed and maybe would be too 

speculative to justify them in terms of simple mechanical analogies without considering the role 

of other effects, such as molecular movement, coupling and orientation, for instance. 

Based on initial deformation values, 휀𝑖, for both load levels studied, and using linear 

regression (see Figure 3) on the obtained data, an apparent modulus of 50.76, 14.99 and 4.48 GPa 

was estimated for the [0]4, [30]4 and [60]4 composites, respectively. These values are in the same 

range of those obtained from the storage modulus (60.49, 9.66 and 6.46 GPa, respectively). 

<< Insert Figure 3 >> 

Relaxation modulus analyses were performed at 1% strain. Table 2 depicts the Weibull 

distribution from the data shown in Figure 4. The initial values at 1% strain were 57.9, 14.61 and 

7.43 GPa for the [0]4, [30]4 and [60]4 specimens, respectively, similar to the ones calculated using 

Figure 3. 

<< Insert Table 2 >> 

The parameter “𝐴”, which is constant for each specimen and does not have a physical 

meaning, decreases for higher angles. From 𝐴 = 𝑘𝑇
2𝜐⁄  [18], where 𝜐 is the Eyring activation 

volume, and using the parameters from Table 2, υ is estimated (at 1% strain) as 1.69 × 10-4 nm3, 

8.03 × 10-4 nm3 and 1.33 × 10-3 nm3 for the [0]4, [30]4 and [60]4 samples, respectively. It is 

important to mention that these values are not related to activation volumes generally associated 

with polymer deformation, i.e. ~ 0.5-1.0 nm3 [26], but they may be useful for comparison 

purposes. In Fancey’s study [18] the values obtained were 0.67 nm3 and 0.1 nm3 for nylon 6,6 

and polyethylene, respectively. The large difference is due to the much greater restriction 
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imposed by the fibers, which causes a light overestimation in the values. Since Eyring process is 

related to the potential energy barrier, the increase in values cannot be explained based only on 

mechanical behavior. Since the base material is the same in all three cases, the results can be 

interpreted in relation to the motion of matter and, for the specimens with fibers transversally 

oriented, it is easier for the matter to move compared to the longitudinally oriented sample. 

<< Insert Figure 4 >> 

It can be noted that the relaxation time (𝜏) decreases when the orientation angle increases. 

Considering Eyring potential energy barrier, and motion of matter in terms of molecular jumps 

[19], more restriction leads to higher values, which leads to longer times to move the matter. The 

parameter 𝜎𝑒 also decreases and it represents the final stress as 𝑡 approaches infinity, i.e. it 

characterizes the remaining elastic contribution after all contributing latch units have triggered in 

response to the stress relaxation. 

The isothermal results are based on relations derived from the generalized Maxwell and 

Voigt model [27]. Table 3 shows the calculated parameters using nonlinear regression. The 

equilibrium modulus (𝐺𝑒) as well as the glass-like modulus (𝐺𝑔) showed higher values for the 

[0]4 composite due to the direct influence of a more efficient matrix/fiber stress transfer. The 

steady-flow viscosity (𝜂0) at vanishing shear rate (where the frequency 𝜔 approaches zero) also 

shows higher values for the [0]4 composite. This parameter represents the viscous part and 

follows the same trend depicted in Figure 1(b). The glass-like compliance (𝐽𝑔) and the steady-

state compliance (𝐽𝑒
0) also increase for higher orientation angles. 

Figure 5 presents results obtained by applying non-linear regression. Figure 5(a) shows 

the frequency effect on storage modulus, and the values decrease for higher angles and higher 

frequencies. Figure 5(b) presents creep compliance (𝐽(𝑡)) for the studied composites and higher 
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values are seen for the [60]4 laminate. The linear graph is typical of a cross-linked polymer and 

the 𝐽𝑒
0 and 𝜂0 parameters were determined from these curves. 

<< Insert Table 3 >> 

Ferry [27] mentions that to compare different polymeric materials, shapes and magnitudes 

of this specific function should be verified. The shape of the curves are quite similar, but the 

magnitudes are different. At shorter times, 𝐽(𝑡) approaches values in the 10-4 range, characteristic 

of a hard glass-like solid. This small compliance refers to the absence of configurational 

rearrangements of the chain backbones within the data interval. The limiting value at zero time is 

called 𝐽𝑔. As no change was noticed, there is no apparent contribution of the viscous flow. If the 

viscous flow is subtracted, the remainder (
𝐽(𝑡) − 𝑡

𝜂0
⁄ ) approaches the limiting value 𝐽𝑒

0. Table 3 

shows that lower 𝐽𝑒
0 values were obtained for the [0]4 laminate, that is, the time necessary for 

long-range configurational changes is longer. 

<< Insert Figure 5 >> 

From Figures 5(c-d), higher relaxation strength and stress relaxation modulus are noticed 

for the [0]4 laminate due to the greater restriction imposed by these fibers. Modulus values 

(64.93, 9.67 and 9.00 GPa) were similar to those from dynamic run and stress relaxation 

modulus. At short times, 𝐺(𝑡) approaches a limiting value, 𝐺𝑔, representing stiffness in the 

absence of backbone rearrangements. At longer times, a terminal zone (where there is an abrupt 

drop in the curve) was not observed. At intermediate times, stress gradually falls as the chain 

backbone adjusts itself through Brownian motion, first between neighboring segments, then with 

those farther away along the backbone contour [28]. Changes over time were not so pronounced 

in any studied composite, i.e. no backbone contour changes occur, but the slight drop seen can be 

responsible for creep, especially for those with fibers not longitudinally oriented. 
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4. Conclusions 

 The focus of the present work was to evaluate and correlate the effect of fiber orientation 

on creep/recovery response, stress relaxation, and dynamic mechanical behavior of carbon fiber 

reinforced epoxy filament wound laminates in the glassy state. For the longitudinally oriented 

composite [0]4, the fiber/matrix stress transfer is more efficient, and nearly no creep was noticed. 

Instantaneous deformation for an applied load was higher for higher winding angles, and it is 

more difficult to recover that deformation. The results obtained from the Weibull fitting were 

comprehensible, especially for the composites loaded at a stress level of 5 MPa, since 2 MPa was 

too low for such stiff composites. 

Regarding relaxation modulus, the initial values at 1% strain were 57.9, 14.61 and 7.43 

GPa for [0]4, [30]4 and [60]4 composites, respectively. Relaxation time decreased when the 

orientation angle increased, which was attributed to the Eyring potential energy barrier in motion 

of matter. In all, the change in stress relaxation modulus over time for the studied laminates was 

not so pronounced since no backbone contour changes occurred, although the slight drop in 

modulus may allow creep. 
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