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Abstract 
This study investigated the effect of annealing on the creep life of carbon fiber/polypropylene 

unidirectional tape (CF/PP UD tape) under tensile load. First, results demonstrated that annealing 
promotes crystallization of the matrix resin PP in the CF/PP UD tape, thereby changing the 
viscoelasticity of the matrix PP. Next, the change in viscoelasticity of the matrix PP caused by 
annealing was predicted to control the creep life of the CF/PP UD tape. Actual creep tests confirmed 
approximately this prediction. Specifically, the predicted creep life under constant tensile load at 
near-room temperature for CF/PP UD tape annealed at 140°C for 1 hour was four times that of tape 
annealed at 120°C for 1 hour. Furthermore, results demonstrated that, at actual operating temperatures 
sufficiently below annealing temperature, neither does crystallization of the matrix resin PP in the 
CF/PP structure progress over the long term, nor does the phenomenon of creep life extension occur. 
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Introduction 

Carbon fiber reinforced plastics (CFRPs) durability is highly dependent on the environmental 
effects of temperature, water absorption and so on because of the viscoelastic behavior of matrix resin. 
Many research papers have described examinations of the long-term life prediction of durability of 
CFRP under actual environmental conditions.1–11 Several studies have investigated the durability of 
composite materials by focusing on the mechanical properties of the matrix. Yildirim et al.8 have 
demonstrated that mechanical changes in the matrix caused by environmental conditions significantly 
influence the mechanical performance and damage progression of unidirectional carbon 
fiber/polyether ketone ketone (CF/PEKK) composites. Ulus et al.9 investigated the quasi-static and 
thermo-viscoelastic behavior of carbon/epoxy-aluminum laminates and demonstrated that changes in 
the thermo-viscoelastic stiffness of the matrix have a significant influence. Several studies have 
investigated methods for predicting the long-term life of composite materials based on the concept of 
accelerating rate of the viscoelastic behavior of the matrix resin. For example, Barbero10 introduced 
the effective time-temperature superposition to predict long-term viscoelastic behavior from 
short-term experimental data. Spathis et al.11 predicted the creep rupture time of polymer composites. 
The creep strain rate was calculated based on a thermally activated rate process. 

The authors have proposed an accelerated testing methodology (ATM) 12 for predicting the 
long-term life of CFRPs based on Christensen’s viscoelastic crack kinetic theory.13,14 The validity of 
ATM has been confirmed as applicable to the creep and fatigue strengths of CFRP with a 



thermosetting resin matrix.15 By using a formulation based on Christensen's viscoelastic crack kinetic 
theory, Weibull distribution of static strength of CFRP at room temperature and static strengths at 
various temperatures and the viscoelastic properties of the matrix resin, for which the 
time-temperature superposition principle holds, can be used to predict the long-term creep strength of 
CFRP including the scatter in the time to failure. 

The crystallinity of polypropylene (PP) is well known to increase with annealing, which in turn 
increases its mechanical properties.16–19 Findings from our earlier study 20 showed that the 
crystallization on PP progresses upon annealing, that this progress follows a time-temperature 
superposition principle, that the viscoelastic properties of PP change as crystallization progresses, and 
that the same time-temperature superposition principle applies to these changes. 
In this study, we focused on carbon fiber/polypropylene unidirectional tape (CF/PP UD tape) — a 
material for which we had previously demonstrated the applicability of our ATM 21 — and investigated 
how the creep strength of the tape is affected by the progression of PP crystallization. First, it is 
demonstrated that exposing PP plates and CF/PP UD tapes to a constant temperature for a long period 
of time promotes PP crystallization, which appears as a change in the PP's viscoelasticity. Next, CF/PP 
UD tapes are annealed under two temperature conditions. In addition, the tape's creep life is predicted 
considering the change in the PP's viscoelasticity using the ATM method. Then that prediction is 
confirmed by experimentation. Finally, the possibility of extending the creep life at practical 
temperatures is discussed. Another objective is to clarify the effect of the large activation energy in the 
crystallization of PP on the creep life of CF/PP UD tapes. 
 

Formulations 

The authors developed ATM for evaluation of the statistical time-dependent and 
temperature-dependent creep and fatigue strengths of CFRP and structures.15 This methodology was 
formulated based on the matrix resin viscoelasticity. The most important condition for this formulation 
is the modified time–temperature superposition principle (modified TTSP) holding for the matrix resin 
viscoelasticity.22 

When an arbitrary load is applied to CFRP, the strain generated in the matrix resin of CFRP is at 
most the same as the elongation of the carbon fiber. Within this strain range, the stress-strain 
relationship of the matrix resin is assumed to be linear viscoelastic. 

The formulations for the viscoelastic behavior of matrix resin, static, creep and fatigue strengths of 
CFRP used in this paper are referred from Ref. [15]. 
 

Matrix resin viscoelasticity 

The master curve of relaxation modulus 𝐸r of matrix resin can be found by horizontal and vertical 
shifting of the relaxation moduli measured at various temperatures based on the modified TTSP, as 
presented in Figure 1. The master curve of the relaxation modulus of matrix resin can be formulated as 
equation (1). The time–temperature (horizontal) shift factor aT0 and temperature (vertical) shift factor 
bT0 can also be formulated as equations (2) and (3) belows.15

 



 log𝐸r(ݐ, 0ܶ) = log𝐸r(0ݐ, 0ܶ) − log [( ௠1(0ݐݐ + (  g)௠2]                                                                       (1)ݐݐ

 

Therein, t, t0 and tg are time, reference time and glass transition time, respectively. m1and m2 are the 
slopes at short time region and long time region as shown in Figure 1, respectively. 
 logܽ 0்(ܶ) = ܩ12.303ܪ∆ (1ܶ − 1ܶ0) H( gܶh − ܶ) 

logܾ 0்(ܶ) = ܾ1(ܶ − 0ܶ)H( gܶv − ܶ) + [ܾ1( gܶv − 0ܶ) + ܾ2(ܶ − gܶv)] (1 − H( gܶv − ܶ))             (3) 

 

Therein, ΔH1 and ΔH2 represent activation energies at low and high temperature regions. In addition, 
H is Heaviside step function. G is the gas constant. T0 is a reference temperature. Tgh and Tgv are knee 
point temperatures for aT0 and bT0 , respectively. b1 and b2 are the parameters for vertical shift factor. 
 

 

 

Figure 1. Master curve of the relaxation modulus and horizontal and vertical shift factors for resin. 
 

                   + [ ܩ12.303ܪ∆ ( 1ܶgh − 1ܶ0) + ܩ22.303ܪ∆ (1ܶ − 1ܶgh)] (1 − H( gܶh − ܶ))                                     (2) 



Effect of annealing on matrix resin viscoelasticity 

The knee point temperature Tg, which is an indicator of the heat resistance of a resin, is definable 
as the temperature at which the storage modulus at any constant frequency f obtained in a DMA test 
drops sharply with increasing temperature, as shown in the upper diagram of Figure 2. The knee point 
temperature Tg versus annealing time td at various annealing temperatures Td measured in this way is 
obtainable as shown at the left side of middle diagram of Figure 2. The master curve of knee point 
temperature Tg versus annealing time td at a reference annealing temperature Td0 is obtainable as 
shown in equation (4) and the right side of the middle diagram of Figure 2 based on the time–
temperature superposition principle for the annealing time and temperature. 
 gܶ = gܶ0 + dݐd(logܨ − logݐd0)                at dܶ0                                                                                (4) 

 

The time–temperature (horizontal) shift factor for the annealing time and temperature is obtainable 
as shown in equation (5) and the lower diagram of Figure 2. 
 log்ܽd0( dܶ) = ܩd12.303ܪ∆ ( 1ܶd − 1ܶd0) H( dܶg − dܶ) 

 

 

Therein, ΔHd1 and ΔHd2 represent activation energies at low and high temperature regions. In addition, 
H is Heaviside step function. G is the gas constant. Td is annealing temperature. Td0 is a reference 
annealing temperature. Tdg is knee point temperatures for aT0. 

The change in the knee point time tg on the master curve of the relaxation elastic modulus.by 
annealing is calculable using the following equation from the change in the knee point temperature Tg. 
 logݐg0 − logݐg = logܽ g்0( gܶ) = ܩ12.303ܪ∆ ( 1ܶg − 1ܶg0)                                                                      (6) 

 

                   + [ ܩd12.303ܪ∆ ( 1ܶdg − 1ܶd0) + ܩd22.303ܪ∆ ( 1ܶd − 1ܶdg)] (1 − H( dܶg − dܶ))                      (5) 



 

 

 

Figure 2. Definition of knee point temperature, master curve of knee point temperature versus 
annealing time, and shift factor for the annealing time and temperature for resin. 

 

Statistical static and creep strengths of CFRP 

The statistical static strengths under an arbitrary constant strain rate and temperature are given by 
the following formulae. 
 logߪs(ݐ, ܶ) = log0ݐ)0ߪ, 0ܶ) + ߙ1 log[−ln(1 − ܲf)] + ݊Rlog [ 𝐸s(ݐ, ܶ)𝐸r(0ݐ, 0ܶ)] 

𝐸s(ݐ, ܶ) = 𝐸r(ݐ 2⁄ , ܶ)                                                                                                                            （7） 

 



Therein, t and t0 respectively represent the failure time and reference failure time, T and T0 
respectively denote the temperature and reference temperature, and Pf stands for the failure probability. 
In addition, 0 and  respectively denote the scale and shape parameters of static strength at t0 and T0. 
Also, nR is a viscoelastic parameter determined by the failure mode. Er is the relaxation modulus of the 
matrix resin. 

Parameters 0, , and nR in equation (7) representing time-dependent and temperature-dependent 
statistical static strengths are obtainable from static tests of CFRP conducted at various temperatures 
under a constant strain rate. 

Statistical creep strength σc can be ascertained by shifting the static strength with log A. Therefore, 
creep strength σc can be denoted by subscript “s” replaced with “c” in equation (7), as presented below. 
In this equation, Ec represents the viscoelastic modulus for a constant stress load. It has been clarified 
that the master curve of creep strength is obtainable by shifting the master curve of static strength by 
log A, as shown in Figure 2. 
 logߪc(ݐ, ܶ) = log0ݐ)0ߪ, 0ܶ) + ߙ1 log[−ln(1 − ܲf)] + ݊Rlog [ 𝐸c(ݐ, ܶ)𝐸c(0ݐ, 0ܶ)] 

 𝐸c(ݐ, ܶ) = 𝐸s(ݐܣ, ܶ) = 𝐸r(ݐܣ 2⁄ , ܶ)                                                                                               (8) 

 

The master curve of viscoelastic modulus Ec at reference temperature 0ܶ can be shown by the 
following equation using equations (7) and (8). 
 log𝐸c(ݐ, 0ܶ) = log𝐸r 02ݐ1ܣ) , 0ܶ) − log ௠1(0ݐ2ݐ1ܣ)] + gݐ2ݐ2ܣ) )௠2]                                               (9) 

 

For the case of tension loading applied to unidirectional CFRP, the shifting amount log A, as 
ascertained from slope ݇R of the logarithmic static strength against the logarithmic failure time curve, 
is calculated using the following equation. 
 logܣi = log (1 + 1݇Ri) , ݇Ri = ݉i × ݊R, ݅ = 1,2                                                                         (10) 

 

Therein, mi represents the slope of the logarithmic relaxation modulus of the matrix resin against the 
logarithmic time curve presented in Figure 1. 
   It is thought that the state of the interface between the carbon fiber and the resin changes as 
annealing progresses. The change in the interface state can be understood as a change in three 
parameters, namely, σ0, α, and nR in equations (7) and (8). 
 



 

 

Figure 3. Master curves of statistical tensile static and creep strengths versus failure time for 
unidirectional CFRP.2 

 

Experimental Procedures 

CF/PP UD tape used for this study 

In this study, a carbon fiber/polypropylene unidirectional tape (CF/PP UD tape) was prepared 
using standard modulus grade carbon fiber (Elastic modulus: 240 GPa, Tensile strength: 3,600 MPa, 
Elongation: 1.5%, Filament diameter: 7 m) with 137 g/m fiber area weight and volume fraction of 
fiber Vf= 50%.21 Commercial polypropylene with an appropriate melt flow rate (MFR: JIS K 7210-1: 
2014, ISO 1133-1: 2011, MFR = 30 g/10 min at 230°C, and 0.91 g/cm3 density) is used for this CF/PP 
UD sheet. The sheet thickness was controlled as t = 0.16 mm. A continuous coil of the CF/PP UD 
sheet was cut into 2.0 mm width tapes using a slitting machine for tape specimens. Furthermore, it was 
confirmed that no loose fiber came out from the tape edge. Basic annealing was applied under 120°C 
for 1 h to stabilize the crystallinity of the specimens. PP plates with thickness t = 1.6 mm were also 
prepared for the evaluation of viscoelasticity. Bending tests at room temperature have confirmed that 
the stress-strain relationship of this PP plate is linear up to 1.5%, the elongation of the carbon fiber 
used. 
 

Annealing of CF/PP UD tapes and PP plates 

The CF/PP UD tapes and PP plates which had been basically annealed at 120°C for 1 h were then 
additionally annealed at temperatures of 120°C, 140°C, 150°C, and 160°C, respectively, for 1 h, 10 h, 
50 h, and 100 h. However, the annealing at 160°C was conducted for only 1 h. For annealed CF/PP 
UD tapes and PP plates, surface observation was carried out and the temperature dependent storage 
modulus was measured by DMA using RSA-III (TA Instruments). 

Two annealing conditions were selected from the above results of CF/PP UD tapes and PP plates: 



one annealed at 120°C for 1 h and one annealed at 140°C for 1 h. The relaxation modulus for the PP 
plates at selected two annealing conditions was determined over a wide range using a combination of 
DMA and creep tests using creep testing machine CP6-D-6 (T·S·E Co., Ltd.). 
 

Static and creep strength tests for CF/PP UD tapes 

The static strength testing machine (Autograph AGS-5KNG, Shimadzu Corp.) with a temperature 
chamber (Custom-made products, Satoseiko Co., Ltd.)21 realized a constant elongation rate over a 
wide range and constant temperatures in the range of room temperature to 150°C. The creep strength 
testing machine with a temperature chamber (Custom-made products, Satoseiko Co., Ltd.)21 also 
realized a constant load at the maximum load of 1 kN and constant temperature in the range of room 
temperature to 150°C, as shown in Figure 4. Test conditions for static and creep tests are presented 
respectively in Tables 1 and 2. 
 

 

Figure 4. Tensile static and creep strenght tests of CF/PP UD tape. 
 

Table 1. Numbers of specimens at static test temperatures after annealing. 
Annealing condition 25°C 80°C 120°C 145°C 150°C 

120°C × 1 h 20 20 20 20 20 

140°C × 1 h 20 5 5 - 5 

 

Table 2. Number of specimens at creep test conditions after annealing. 

Annealing condition c0 [MPa] T [°C] Number of specimens 

120°C × 1 h 921 120 20 

140°C × 1 h 921 120 21 

 



Results and Discussion 

Surface smoothness of CF/PP UD tape 

   Figure 5 presents surface images of CF/PP UD tapes after annealing at various conditions. The 
tape surface after annealing at low temperatures maintains the surface smoothness. However this 
figure shows that those at high temperatures do not maintain the surface smoothness. The arrows in the 
figure indicate the grooves that have formed on the surface. The surface smoothness persists for all of 
PP plates after annealing at all conditions. Annealing at temperatures of 150°C or higher for CF/PP 
UD tapes is of no practical significance. 
 

  (a) 120°C × 1 h 

  (b) 140°C × 1 h 

  (c) 150°C × 1 h 

  (d)  160°C × 1 h 

Figure 5. Surface images of CF/PP UD tapes after annealing under various conditions. 

 



   The DMA tests described in the next section were performed only on specimens annealed under 

conditions that allowed the smoothness of the specimen surface to be maintained. For CF/PP UD tapes 

that had been annealed at high temperatures for long periods of time, the presence of grooves along the 

fibers on the specimen surface shown in Figure 5 made it impossible to apply a load perpendicularly to 

the fibers. The test was therefore abandoned. 

Knee point temperature and crystallinity of PP by annealing 

DMA tests by double cantilever method were conducted on PP sheets and CF/PP UD tapes 
oriented along the fiber direction under various annealing conditions at a frequency of f = 1 Hz. The 
temperature dependence of the storage modulus was determined using bending equations based on the 
applied deflection and load response shown in Figure 6. While the PP sheet undergoes bending 
deformation upon the application of deflection, the CF/PP UD tape primarily experiences shear 
deformation within the PP layer due to the vast difference in elastic modulus between the carbon fibers 
and the PP. Consequently, the deformation of the CF/PP UD tape is also governed by the elastic 
modulus of the PP. As shown in Figure 6, the temperature-dependent changes for both materials were 
nearly identical. Therefore, the viscoelastic properties of the PP within the CF/PP UD tape were 
treated as being equivalent to those of the PP sheet. In this figure, the temperature at which the storage 
modulus drops sharply with temperature is definable as the knee-point temperature Tg.  

The relation between the knee point temperature and annealing time at various annealing 
temperatures for PP plates and CF/PP UD tapes is shown in the left panel of Figure 7. The right panel 
portrays the master curve of knee point temperature versus annealing time for PP plates and CF/PP UD 
tapes at reference annealing temperature Td0 = 120°C. 

The left panel in Figure 7, showing data from our earlier study,20 depicts the relation between the 
PP plate crystallinity and the annealing time under various annealing temperature conditions. The right 
panel is the master curve when the reference temperature is 120°C. From this figure, it is apparent that 
the knee-point temperatures of PP plates and CF/PP UD tapes are the same if the annealing conditions 
are the same. Moreover, the same time–temperature superposition principle holds for annealing time 
and annealing temperature for PP plates and CF/PP UD tapes because the time–temperature shift 
factors of PP plates are equal to those of CF/PP UD tapes presented in Figure 9. 

The left panel of Figure 8 portrays the relation between crystallinity and annealing time at various 
annealing temperatures for PP plates. The crystallinity was evaluated by wide and small angle X-ray 
scattering analysis (WAXS/SAXS) (NANO-Viewer; Rigaku Corp.). This figure was presented in a 
report of our earlier work.20 The right panel is the master curve of crystallinity versus annealing time at 
a reference annealing temperature Td0 = 120°C. The smooth master curve suggests that the time–
temperature superposition principle holds for the crystallization of the PP plates. 
Figure 9 shows the time–temperature shift factors for annealing time and temperature for crystallinity 
and annealing. The time–temperature shift factor for annealing agrees well with that for crystallinity. 
This agreement clarifies that the knee-point temperature is closely related crystallinity. 
 



 

Figure 6. Storage modulus versus temperature at frequency f = 1 Hz for PP plates and  

CF/PP UD tapes under various annealing conditions. 
 



 

Figure 7. Master curve of knee point temperature Tg versus annealing time at Td0 = 120°C for PP 
plates and CF/PP UD tapes. 

 

 

Figure 8. Master curve of crystallinity versus annealing time at Td0 = 120°C for PP plates. 
 

 

Figure 9. Time–temperature shift factor for crystallinity of PP plates and knee point temperature of PP 
plates and CF/PP UD tapes. 

 



Determination of parameters for the relaxation modulus of PP 

The upper and lower panels of Figure 10 respectively present the relaxation moduli of PP plates 
annealed at 120°C for 1 h and at 140°C for 1 h. The left of each panel shows the relaxation moduli of 
PP plates for widely various times at various temperatures, as obtainable by combining two test results 
from the DMA and creep testing machine. The right of each panel presents the master curve of 
relaxation moduli versus reduced time t’ at reference temperature T0 = 25°C, which is constructed by 
horizontal and vertical shifting of the relaxation moduli measured at various temperatures shown at the 
left of these panels. The time–temperature (horizontal) shift factors and the temperature (vertical) shift 
factors based on the modified time–temperature superposition principle are shown in Figure 11. 

If the master curve of the relaxation modulus of resin shown on the right of Figure 10 is expressed 
by equation (1), then the parameters will be as presented in Table 3. Similarly, if the time–temperature 
(horizontal) shift factor and temperature (vertical) shift factor shown in Figure 11 are expressed by 
equations (2) and (3), then the parameters will also be as shown in Table 3. The differences between 
the two annealing conditions are apparent in Er and tg, as shown in yellow hatching, but not in other 
parameters. 
 

 

 

Figure 10. Master curves of relaxation modulus of PP plates for two annealing conditions. 
 



 

Figure 11. Time–temperature (horizontal) and temperature (vertical) shift factors for the relaxation 
modulus of PP plates for two annealing conditions. 

 

Table 3. Parameters of relaxation moduli for two annealing conditions 

Annealing condition 120°C × 1 h 140°C × 1 h 

Reference temperature T0 [°C] 25 25 

Reference time t0 [min] 1.0 1.0 

Er(t0,T0) [GPa] 2.16 2.47 

m1 0.067 0.067 

m2 20 20 

tg [min] 2.3E+07 9.8E+07 

ΔH1 [kJ/mol] 119 119 

b1 0.0048 0.0048 

 

Statistical static strengths of CF/PP UD tape 

Figure 12 presents the static strength versus temperature for CF/PP UD tape for two annealing 
conditions. The static strength for both conditions decreases markedly with increasing temperature. 

Weibull distributions for static strengths at various temperatures for both CF/PP UD tape are 
depicted in Figure 13. In this figure, s is the shape parameter and s is the scale parameter for each of 
the CF/PP UD tapes. The shape parameter maintains an almost constant value for both CF/PP UD 
tapes. Shape parameters s and scale parameters s at temperature T = 25°C in this figure can be 
inferred as shape parameter , scale parameter 0 of static strength at the reference temperature T0 = 
25°C, and the reference failure time t0 = 1 min used in equation (1). 

Figure 14 presents the non-dimensional static strength s/0 of a CF/PP UD tape against the 
non-dimensional viscoelastic modulus of matrix resin Es*/Er0 for the same conditions of time and 
temperature. The relation of s/0 against Es*/Er0 can be represented as one solid straight line with 



slope nR, which is the viscoelastic parameter in equation (7). The viscoelastic parameters nR obtained 
from the experiments agree well with that determined theoretically by substituting the shape parameter 
of carbon fiber ߙc = 5.9 shown in Figure 15 into the following equation shown by Rosen’s model15. 
 ݊R = cߙ12                                                                                                                                                    (12) 

 

All parameters in equation (7) for the master curve of static strength are found for both CF/PP UD 
tapes, as presented in Table 4. As this table shows, almost no difference exists in the static strength 
parameters between the two annealing conditions. This fact suggests that there is no difference 
affecting the parameters shown in Table 4 in the interfacial state between the carbon fiber and the resin 
between the two annealing conditions. Figure 16 compares the fracture appearance of five 
representative specimens subjected to static tension tests at 25°C after annealing under two conditions: 
120°C for 1 hour and 140°C for 1 hour. Specimens from both annealing conditions shattered into fine 
fragments due to the impact at the moment of failure, making it impossible to identify any distinct 
differences between them. Understanding the influence of the interface between carbon fibers and 
resin is essential for evaluating the long-term service life of CFRP structures in harsh environments, 
and incorporating this effect into evaluation formulas is an future challenge. 

 

 

Figure 12. Statistical static strengths versus temperature of CF/PP UD tape for two annealing 
conditions. 

 



 

Figure 13. Weibull distributions of statistical static strength of CF/PP UD tape at T = 25°C for 
two annealing conditions. 

 

 

Figure 14. Relation between static strength of CF/PP UD tape and viscoelastic modulus of PP plates at 
the same time and temperature for two annealing conditions. 

 

 

Figure 15. Weibull distribution of static strength for carbon fiber used for this study. 
 



120°C for 1 hour               140°C for 1 hour. 
Figure 16. Fractography of five representative specimens subjected to static tension tests at 25°C after 

annealing under two conditions. 
 

Table 4. Parameters for creep strength of CF/PP UD tape for two annealing conditions 

Annealing condition 120°C × 1 h 140°C × 1 h 

Scale parameter 0 [MPa] 1368 1418 

Shape parameter a 11 9.9 

Viscoelastic parameter nR 0.089 0.076 

Shift factor A 177 182 

 

Prediction of statistical creep life of CF/PP UD tape 

Creep failure tests of CF/PP tapes after treatment under annealing conditions of two kinds were 
conducted at an arbitrary constant stress level and at one constant temperature T = 120°C. Figure 17 
presents the results. The predicted curves in this figure are calculated by substituting the parameters of 
two annealing conditions shown in Table 4 into equation (8) after calculating the relaxation moduli 
under two annealing conditions by substituting the parameters in Table 3 in equations (1), (2), and (3). 
In other words, this prediction does not incorporate consideration of the progress of annealing during 
loading. 

The predicted value differed from the experimentally obtained value probably because of the 
progression of annealing, i.e., recrystallization, because of exposure to a 120°C environment. Figure 
18 shows the predicted knee point temperature Tg against elapsed time t obtained from Figure 9 for the 
two annealing conditions. The predicted knee point time tg obtained from equation (6) is also 



presented in this figure. It can be predicted that the Tg and tg of CF/PP tape annealed at 120°C for 1 
hour increase over time, approaching these of CF/PP tape annealed at 140°C for 1 hour. 

The upper graph in Figure 19 presents the relation between the probability of creep strength failure 
and elapsed time, as predicted with consideration of the progression of annealing over time, along with 
the experimentally obtained results. The lower graph in this figure shows the experimentally obtained 
and predicted values for the difference in logarithmic fracture time under two annealing conditions 
with the same failure probability against the failure time under an annealing condition of 120°C for 1 h. 
As this figure shows the failure time for annealing condition of 120°C for 1 h approaches that for the 
annealing condition of 140°C for 1 h as the elapsed time increases for both the experiment and the 
prediction. 
   As explained above, when a constant tensile load is applied to a CF/PP UD tape, the progress of 
annealing of the PP during loading can extend the tape creep life. Conversely, it can be said that if an 
annealing treatment is performed at 140°C for one hour, stability is maintained without 
recrystallization proceeding, even in an operating environment at 120°C for over 100 hours. 
 

 

Figure 17. Predicted and measured tensile creep strength and failure probability versus failure time. 
 



 

Figure 18. Predicted knee point temperature and knee point time against elapsed time. 
 

 

Figure 19. Predicted and measured failure probability and annealing progress versus failure time. 
 

Prediction of long-term creep life for CF/PP UD tape at various operating temperatures 

Based on the aforementioned results, the predicted relationship between creep rupture strength 
and time to failure for CF/PP UD tapes annealed under two conditions—120°C for 1 h and 140°C for 
1 h—at projected service temperatures of 25°C, 50°C, 85°C, and 120°C is shown in Figure 20. At 
service temperatures of 25°C, 50°C, and 85°C, the creep life of the CF/PP tape annealed at 140°C for 
1 h is approximately four times longer than that of the tape annealed at 120°C for 1 h. This can be 
readily inferred from the fact shown in Table 3 that the knee-point time tg of the PP sheet annealed at 
140°C for 1 h is approximately four times that of the sheet annealed at 120°C for 1 h. Furthermore, 
given that the activation energy for crystal growth (272 kJ/mol) shown in Figure 9 is significantly 
higher than the activation energy (119 kJ/mol) observed for viscoelastic properties (deformation 
phenomena) shown in Table 3, it can be concluded that crystal growth is suppressed at these service 
temperatures, resulting in no change to the creep life. In contrast, at a service temperature of 120°C, 



crystallization proceeds under load for specimens prepared under both annealing conditions (120°C for 
1 h and 140°C for 1 h); since the crystallization of the former catches up to that of the latter, the creep 
lives become equivalent. Therefore, it is considered that if annealing is performed at a temperature 
sufficiently higher than the service temperature, further annealing will not occur during subsequent 
long-term use. Figure 20 serves as a concrete illustration of this fact. 
 

 

Figure 20. Creep strength versus elapsed time under four operating temperature conditions for CF/PP 
UD tapes molded under two temperature conditions. 
 



Conclusion 

An investigation into the effect of annealing on the tensile creep life of CF/PP UD tape yielded the 

following conclusions: 

1. A previous study established that the time-temperature superposition principle applies to the 

relationship between annealing time and annealing temperature regarding the viscoelastic 

properties of neat PP. The present study further revealed that the viscoelastic properties of the PP 

matrix in CF/PP UD tape are identical to those of neat PP. These findings provide the basis for 

applying the previously developed ATM method to elucidate the effects of annealing on the tensile 

creep life of CF/PP UD tape. 

2. We examined CF/PP UD tape annealed for one hour at 120°C and 140°C—conditions considered 

realistic—and modeled scenarios where a constant load is applied to these tapes over an extended 

period in a 120°C environment. Creep life predictions based on the ATM method—accounting for 

annealing caused by PP recrystallization during both the initial heat treatment and the prolonged 

loading period—showed general agreement with actual creep test results. These results 

demonstrate that the ATM method enables an approximate evaluation of how both the initial 

annealing treatment and the progression of annealing during loading affect the tensile creep life of 

CF/PP UD tape. 

3. The long-term creep life of CF/PP UD tape is significantly influenced by annealing conditions. 

Specifically, at temperatures of 85°C or lower—typical operating temperatures—the creep life of 

CF/PP UD tape annealed at 140°C for one hour is approximately four times that annealed at 120°C 

for one hour. Results demonstrated that, at actual operating temperatures sufficiently below 

annealing temperature, neither does crystallization of the matrix resin PP in the CF/PP structure 

progress over the long term, nor does the phenomenon of creep life extension occur. Furthermore, 

when the operating temperature is set to 120°C, annealing continues during operating for CF/PP 

UD tape annealed at 120°C for one hour, whereas such progression is substantially suppressed in 

that annealed at 140°C for one hour. These phenomena arise because the activation energy for the 

progression of annealing in the PP matrix is considerably higher than the activation energy 

associated with viscoelastic behavior of PP matrix. 

 

Author contributions 

Yasushi Miyano: supervision, formal analysis, writing manuscript, editing, checking and proof 
reading. Masayuki Nakada: writing manuscript and editing, checking and proof reading. Yoko 
Morisawa: data collection, writing manuscript, editing and checking. Takeharu Isaki: data collection, 
writing manuscript, editing and checking. Kiyoshi Uzawa: supervision and formal analysis. 
 



Funding 

The authors received no financial support for the research, authorship, and/or publication of this 
article. 
 

Declaration of conflicting interests 

The author declared no potential conflicts of interest with respect to the research, authorship, 
and/or publication of this article. 
 

Data Availability Statement 
The datasets generated during and/or analyzed during the current study are available from the 

corresponding author on reasonable request. 
 

References 

1. Lubineau G, Ladeveze P, Violeau D. Durability of CFRP laminates under thermomechanical 

loading: A micro–meso damage model. Composite Science and Technology 2006; 66: 983–992. 

2. Mourad AHI, Idrisi AHI, Wrage MC, Abdel-Magid BM. Long-term durability of thermoset 

composites in seawater environment. Composites Part B 2019; 168: 243–253. 

3. Almudaihesh F, Holford K, Pullin R, Eaton M. The influence of water absorption on unidirectional 

and 2D woven CFRP composites and their mechanical performance. Composites Part B 2020; 

182: 107626. 

4. Jiang Z, Fang Z, Fang C, Li Q, Wang Z. Experimental investigation on high-temperature creep 

behavior of carbon fiber reinforced polymer cable. Composite Structures 2022; 291: 115533. 

5. Tang Z, Chen C, Li A, Deng Y, Zhang C and Li Y. Temperature- and strain-rate-dependent tensile 

failure behavior of short-fiber-reinforced PEEK composites. Composites Part B 2023; 250: 

1110455. 

6. Pheysey J, De Cola, F, Pellegrino A and Martinez-Hergueta F. Strain rate and temperature 

dependence of short/unidirectional carbon fibre PEEK hybrid composites. Composites Part B 

2024; 268: 111080. 

7. Liu Y, Wang H, Ding H, Wang H and Bi Y, Effect of hygrothermal aging on compression behavior 

of CFRP material with different layups. Composites Part B 2024; 270: 111134. 

8. Yildirim C, Ulus H, Sas HS and Yildiz M. Evaluating the influence of service conditions on the 

out-of-plane and in-plane loading performance and damage behavior of unidirectional CF/ PEKK 

composites for aerospace applications. Composites Part B 2025; 304: 112637. 



9. Ulus H, Cetin ME, Beylergil B and Kaybal HB. Quasi‑static and Thermoviscoelastic Response of 

Carbon/Epoxy–Aluminum FMLs: Effects of Stacking Sequence and Graphene–TiO2 

Nano‑modification. Fibers and Polymers 2026; 27: 2463–2484. 

10. Barbero EJ. Time–Temperature–Age Superposition Principle for Predicting Long-term Response 

of Linear Viscoelastic Materials. In Creep and Fatigue in Polymer Matrix Composites; Guedes 

RM Ed.; Woodhead Publishing: Cambridge, UK, 2011; pp. 48–69. ISBN 9781845696566. 

11. Spathis G, Kontou E. Creep failure time prediction of polymers and polymer composites. Compos. 

Sci. Technol. 2012; 72: 959–964. 

12. Miyano Y, Nakada M. Properties and Testing of Fiber-Reinforced Polymers. Wiley-VCH 2026; 

Weinheim, Germany. 

13. Christensen RM, Miyano Y. Stress Intensity Controlled Kinetic Crack Growth and Stress History 

Dependent Life Prediction with Statistical Variability. Int J Fracture 2006; 137: 77–87. 

14. Christensen RM, Miyano Y. Deterministic and Probabilistic Lifetime from Kinetic Crack 

Growth-Generalized forms. Int J Fracture 2007; 143: 35–39. 

15. Miyano Y, Nakada M. Integrated accelerated testing methodology for CFRP durability. Compos 

Part B 2024; 281: 111527. 

16. Natale R, Russo R, Vittoria V. Crystallinity of isotactic polypropylene films annealed from the 

quenched state. J Mater Sci 1992; 27: 4350–4354. 

17. Parenteau T, Ausias G, Grohens Y, Pilvin P. Structure, mechanical properties and modelling of 

polypropylene for different degrees of crystallinity. Polymer 2012; 53: 5873–5884. 

18. Wang W, Zhao G, Wu X, Zhai Z. The effect of high temperature annealing process on 

crystallization process of polypropylene, mechanical properties, and surface quality of plastic parts. 

J Applied Polymer Sci 2015; 132: 42773, DOI: 10.1002/APP.42773. 

19. Billon N, Castellani R, Bouvard J, Rival G. Viscoelastic Properties of Polypropylene during 

Crystallization and Melting: Experimental and Phenomenological Modeling. Polymers 2023; 15: 

3846. 

20. Isaki, T., Kanemura, S., Nakada, M., Miyano, Y., Morisawa, Y., Uzawa, K. Influence of 

crystallinity change on creep properties due to thermal history for Polypropylene. Mechanics of 

Time Dependent Materials 2025; DOI:10.1007/s11043-025-09836-2. 

21. Nakada M, Miyano Y, Morisawa Y, Isaki T, Hirano T, Uzawa K. Statistical life prediction of 

unidirectional carbon fiber/polypropylene tape under creep tension load. J Reinf Plast Compos 



2020; 39: 278–284. 

22. Nakada M, Miyano Y, Cai H and Kasamori M. Prediction of long-term viscoelastic behavior of 

amorphous resin based on the time–temperature superposition principle. Mechanics of Time 

Dependent Materials 2011; 15: 309–316. 

 



    E r


  log   𝜎 s  ( t , T ) = log   𝜎 0  (   t 0 ,   T 0 ) +  1  𝛼 log  [ − ln  ( 1 −   P f ) ] +   n R log  [     E s  ( t , T )    E r  (   t 0 ,   T 0 ) ]


    E s  ( t , T )   = E r  (   t 2 , T )                                                                                                                                                                                                                                                         （ 7 ）


    E s  ( t , T )   = E r  (   t 2 , T )                                                                                                                                                                                                                                                         （ 7 ）


  log   𝜎 c  ( t , T ) = log   𝜎 0  (   t 0 ,   T 0 ) +  1  𝛼 log  [ − ln  ( 1 −   P f ) ] +   n R log  [     E c  ( t , T )    E c  (   t 0 ,   T 0 ) ]


    E c  ( t , T ) =   E s  ( A t , T )   = E r  (   A t 2 , T )                                                                                                                                                                                               ( 8 )


    T 0


  log   E c  ( t ,   T 0 ) = log   E r  (     A 1   t 0 2 ,   T 0 ) − log  [    (     A 1 t    2 t 0 )    m 1 +    (     A 2 t  2   t g )    m 2 ]                                                                                               ( 9 )


    k R


  log   A i =  log ⁡   ( 1 +  1    k Ri ) ,     k Ri =   m i ×   n R , i = 1 , 2                                                                                                                                                   ( 10 )


    𝛼 c = 5 . 9


  log   E r  ( t ,   T 0 ) = log   E r  (   t 0 ,   T 0 ) − log  [    (   t    t 0 )    m 1 +    (   t    t g )    m 2 ]                                                                                                                                               ( 1 )


    n R =  1  2   𝛼 c                                                                                                                                                                                                                                                                                                       ( 12 )


  log   a    T 0  ( T ) =     ∆ H 1  2 . 303 G  (  1  T −  1    T 0 ) H  (   T gh − T )


  log   b    T 0  ( T ) =   b 1  ( T −   T 0 ) H  (   T gv − T ) +  [   b 1  (   T gv −   T 0 ) +   b 2  ( T −   T gv ) ]  ( 1 − H  (   T gv − T ) )                           ( 3 )


                                        +  [   ∆   H 1  2 . 303 G  (  1    T gh −  1    T 0 ) +   ∆   H 2  2 . 303 G  (  1  T −  1    T gh ) ]  ( 1 − H  (   T gh − T ) )                                                                           ( 2 )


    T g =   T  g 0 +   F d  ( log   t d − log   t  d 0 )                                 at     T  d 0                                                                                                                                                                 ( 4 )


  log   a    T  d 0  (   T d ) =     ∆ H  d 1  2 . 303 G  (  1    T d −  1    T  d 0 ) H  (   T dg −   T d )


                                        +  [   ∆   H  d 1  2 . 303 G  (  1    T dg −  1    T  d 0 ) +   ∆   H  d 2  2 . 303 G  (  1    T d −  1    T dg ) ]  ( 1 − H  (   T dg −   T d ) )                                             ( 5 )


  log   t  g 0 − log   t g = log   a    T  g 0  (   T g ) =     ∆ H 1  2 . 303 G  (  1    T g −  1    T  g 0 )                                                                                                                                             ( 6 )

