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1. Introduction

Under steady loading components (especially poly-

mers at room temperature) can slowly deform, a

phenomenon called creep. When a plastic material

is loaded with a constant load, it deforms continu-

ously with time. This time dependent behaviour of

materials (viscoelasticity) is an important charac-

teristic of polymers. To know this long-term behav-

iour of polymers is essential to estimate their

life-time under load. Although creep in an

anisotropic, multi-phase system, like composites, is

very complex, the analysis of creep properties is

important for the use of composites in long-term

applications. This may be more significant in self-

reinforced polymer composites than in classic

materials reinforced by glass or basalt fibre, where

not only the matrix but the reinforcement is made

of polymer. Note that in comparison to the classical

composites self-reinforced composites have some

advantages in addition to the good mechanical

properties: easy and fully recyclability and low

density (the same as those of the matrix materials)

[1–8].

Earlier works have shown that the creep behaviour

of PP fibre reinforced PP composites depends

strongly on stress, temperature, void content, and

fibre loading [9–11]. It was concluded, that creep

resistance decreases if temperature or stress rises.

Several other studies investigated the influence of

adhesion and density of the composites on the

creep behaviour [12–14]. With increasing consoli-

dation (lower void content) the resistance to creep

increases.

The great drawback of the creep test is the long

time requirement. But a number of observations

suggest that the effects of time and temperature are
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equivalent [15, 16]. The influence of high tempera-

ture and long time has similar effect on the polymer

material. With shifting the single creep curves

(measured at different testing temperatures)

together (to a selected reference temperature) a

master curve can be created. This time-temperature

superposition method (TTS) is able to predict the

long-term properties of the material from short time

creep tests at higher temperature [17–19]. The rela-

tion between temperature and the shift factor can

generally be described by the Arrhenius Equa-

tion (1):

(1)

where aT is the horizontal shift factor, R is the uni-

versal gas constant, E is the activation energy, T0 is

the reference temperature and T is the experimental

temperature. The Arrhenius equation relates the

horizontal shift factor with temperature [20].

Another commonly used empirical equation for

TTS that relates a shift in temperature with a shift

in time is the Williams-Landel-Ferry (WLF) Equa-

tion (2):

(2)

where C1 and C2 are constants, and T and T0 are the

experimental and reference temperatures. The WLF

equation was found empirically to describe the fre-

quency dependence of glass transition temperature

in amorphous polymers [20].

In this work, the effect of consolidation of the self-

reinforced composite on the creep behaviour was

investigated. The applicability of TTS principle to

short term creep data was verified in order to pre-

dict the long-term creep response of SRPPC.

2. Materials, their processing and testing

2.1. Materials

A plain woven fabric (Stradom S. A., Czestochowa,

Poland) composed of highly stretched split PP

tapes with a nominal weight of 180 g/m2 (the thick-

ness is approximately 180 µm) was selected and

used as reinforcement. The reinforcing tape has a

melting temperature of Tm = 172.4°C (determined

by DSC), and a tensile strength of 465±32 MPa

(measured on a single tape).

Three kinds of PP were used as matrix materials: i)

β form of isotactic PP homopolymer (TIPPLEN

H388F, TVK Nyrt., Tiszaújváros, Hungary); ii)

random PP copolymer (TIPPLEN R351F TVK

Nyrt., Tiszaújváros, Hungary), and iii) β form of

the latter. The manufacturing and properties of the

matrix films was detailed elsewhere [21]. The melt-

ing temperature value of the β-modification was

clearly below that of the corresponding α-version,

as expected.

2.2. Composite preparation

The matrix films (9 layers) and the reinforcing

woven fabrics (8 plies) were laminated according

to film-stacking method. Since the properties of the

fabrics showed some directional anisotropy, they

were assembled adopting a cross-ply lay-up to

make the resulting sheets orthotropic. Self-rein-

forced PP composite (SRPPC) sheets with a thick-

ness of 2.5 mm and a nominal reinforcement (i.e.

α-PP fabric) content of 50 wt% (note that this rein-

forcing content is substantially lower than in case

of the commercial products (Curv®, Pure®)) were

produced by compression moulding of a film-

stacked package at 7 different processing tempera-

tures. They are selected at 5–35°C above the

relevant matrix melting temperature. For the latter

the DSC melting peak was considered [21]. The

consolidation process took place as follows: after

heating up the moulds, the film-stacked package

was inserted and held for 30 s without pressure and

for 90 s under a pressure of 7 MPa, and then it was

cooled to 50°C with a cooling rate of 7.5°C/min

and demoulded. It is noteworthy that the holding

time at processing temperature was kept as short

and low, respectively, as possible to prevent shrink-

age (relaxation) of the fibres.

2.3. Specimens and their testing

Short-time flexural creep tests were performed

using three-point bending mode at different tem-

peratures, ranging from –20 to 80°C, in a DMA

Q800 apparatus (TA Instruments, New Castle,

USA). In this temperature range, isothermal creep

tests were run on the specimens with a stepwise

temperature increment of 10°C. Prior to the creep

measurement, each specimen was equilibrated for
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5 min. at each temperature and then the flexural

creep behaviour was tested for 30 min, under a con-

stant load of 5 MPa. Specimens of dimensions

60×15×2.5 mm3 (length × width × thickness) were

used for creep tests. For creep studies, the average

of three statistically relevant creep data has been

reported.

3. Results and discussion

The flexural creep behaviour of β-rPP-based com-

posites (compression moulded at different tempera-

tures) as a function of time at different testing

temperatures is shown in Figures 1–3. It can be

clearly seen from the results that with increasing

temperature the creep compliance increases (due to

increasing polymer chain mobility). With increas-

ing hot pressing temperature, the SRPPCs have

higher resistance to creep, particularly at higher

testing temperatures. Recall that with increasing

hot pressing temperature the consolidation

improves and at the highest processing temperature

a significant transcrystalline layer forms between

the reinforcement and the matrix [21]. Better con-

solidation provides better mechanical properties,

e.g. flexural stiffness and decreases creep compli-

ance.

Figure 4a and 4b show the creep compliance of

α-rPP and β-PP at different processing tempera-

tures (determined at 1000 s), as a function of the

testing temperature. It can be seen that between –20

and 30°C, there is no significant change in the

creep compliance of the SRPPCs with different

degrees of consolidation. To compare the compos-

ite made at Tm+5°C with the composite made at

optimum temperature (Tm+20°C) it can be con-

cluded, that the creep compliance of the well con-

solidated composite decreases in the whole testing

temperature range. Further increase of processing

temperature caused no change in the consolidation,

clear transcrystalline layer formed between matrix

and reinforcement, which decreases further the

creep compliance particularly above testing tem-

perature of 30°C. The same tendency can be

observed for β-rPP composites as well.

The logarithm of time and temperature has similar

effect (based on thermomechanical curves), what is

the well known reduction scheme of time-tempera-

ture superposition. Therefore single-step short-term

creep tests can be further analyzed by superposing

(shifting) the compliance-time data onto master

curves, which represent long-term creep behaviour

of the material. Generally, from the master curves

the behaviour of polymer can be traced over much

wider periods of time than those determined exper-
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Figure 1. Creep compliance (between –20 and 80°C) of

β-rPP composite processed at 137°C

Figure 3. Creep compliance (between –20 and 80°C) of

β-rPP composite processed at 167°C

Figure 2. Creep compliance (between –20 and 80°C) of

β-rPP composite processed at 152°C



imentally. Figures 5–7 show the creep compliance

master curves for different composites. The refer-

ence temperature was chosen at 30°C in each case.

It can be clearly seen, that with increasing process-

ing temperature the creep compliance decreases.

Since the current creep test was performed under a

small constant load (5 MPa) that can result in a

small deformation in the SRPPCs, i.e. the stress is

not high enough to cause significant elongation,

therefore the consolidation and adhesion between

matrix and reinforcement seem to influence the

time-dependent deformation. So, the achieved

results can be explained by the change of consoli-

dation/adhesion of SRPPCs with increasing hot

pressing temperature.

Since the main influence on the creep compliance is

the consolidation and adhesion – concluded before;

and the peel strength and density reflect well the

consolidation, therefore good correlation can be

expected between these parameters (these values

were described in detail elsewhere [21]) and the

creep compliance. Figure 8 shows the creep com-

pliance as a function of peel strength. The value of

creep compliance at 1000 s was chosen (according

to Tref = 30°C). With increasing peel strength (bet-
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Figure 5. Creep compliance master curves of β-rPP-based

composites

Figure 4. Creep compliance (at 1000 s) of α-rPP-based (a) and β-PP-based (b) composite

Figure 6. Creep compliance master curves of α-rPP-based

composites

Figure 7. Creep compliance master curves of β-PP-based

composites



ter consolidation), the creep compliance decreases

as expected. It can be seen that each curve tends to

a ‘saturation’ value, i.e. to a creep compliance limit,

what might be the theoretical minimum for the

given SRPPC. This value is 0.8 1/GPa for rPP-

based composites and 0.5 1/GPa for β-PP-based

composites.

Many authors explain the creep compliance differ-

ence with the change of void content, i.e. with the

change of density. Figure 9 shows the creep com-

pliance as a function of density of different matrix

based SRPPCs. The values of creep compliance at

1000 s were chosen as before. With increasing pro-

cessing temperature, the density increases (better

consolidation, lower void content), and the creep

compliance decreases, as expected. The change is

approximately linear, with good tendency.

The shift factor aT is the extent of shift along the

time scale to merge the single creep curves meas-

ured at different temperatures into a master curve.

The reference temperature was taken as 30°C.

Because PP is a semicrystalline polymer, therefore

it is expected to follow an Arrhenius equation for

the major transitions. Figure 10 shows the shift fac-

tors as a function of inverse of temperature. It can

well be seen, that the shift data can well be

described by the Arrhenius equation. Note that, the

Tg of the composites is at 0°C in the case of iPP

based composites and at –15°C in the case of rPP

based composites measured by DMA in our earlier

work [8]. The linear regression lines are also shown

in Figure 10.

One can see that with increasing consolidation

(increasing processing temperature), the activation

energy also increases. The activation energy of the

deformation process was calculated from the slope

of the regression curves (Equation (1)). The activa-

tion energy values are listed in Table 1. This data

are in harmony with other works [17, 20, 22, 23].

One can see that with increasing activation energy

the creep compliance decreases.
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Figure 8. Creep compliance as a function of peel strength

for different composites

Figure 9. Creep compliance as a function of the density

Figure 10. The shift factor follow the Arrhenius equation

in the case of β-PP composite

Table 1. The activation energy of different SRPPCs

Ea [kJ/mol]

β-rPP at 137°C 110.6

β-rPP at 152°C 169.7

β-rPP at 167°C 183.8

α-rPP at 147°C 114.4

α-rPP at 162°C 183.1

α-rPP at 177°C 185.0

β-PP at 157°C 133.5

β-PP at 172°C 175.4

β-PP at 187°C 186.9



4. Conclusions

The goal of this paper was to study the effect of

consolidation effect on the creep behaviour of dif-

ferent SRPPCs. Single-step short-term creep tests

were made on SRPPCs having different consolida-

tion quality, and the creep compliance was super-

posed onto a master curve. Based on the results it

can be concluded, that the creep resistance of the

SRPPCs decreases with increasing testing tempera-

ture, due to the rising chain mobility at higher tem-

perature. This effect is remarkable above room

temperature. The creep resistance strongly depends

on the consolidation quality of the composites.

From the short-term flexural creep response, the

long-term creep behaviour of the SRPPC could be

predicted. The main effect on the creep compliance

at applied low load is the consolidation. There are

good correlations between creep compliance and

density or peel strength. The theoretical creep com-

pliance for best consolidated rPP based composite

is app. 0.8 1/GPa and for β-PP composite is app.

0.5 1/GPa. An Arrhenius type relationship

describes well the time-temperature superposition

data.
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