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Abstract

Stress induced changes in intrinsic timescale were investigated by nonlinear creep tests on polycarbonate at room

temperature. The creep compliance vs. time curves at nine different stress levels were determined and shifted along the

logarithmic time axis to get a master compliance curve at a given reference stress level according to the concept of time–stress

equivalence. It is shown that the time–stress superposition principle provides an accelerated test technique for evaluating the

material’s long-term mechanical properties.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Since polymers are widely used in many engineering

applications, a thorough knowledge of their mechanical

properties is crucial. Most polymers exhibit time-dependent

mechanical behavior, usually referred to as viscoelasticity.

There are two time-scales in the study of viscoelasticity. The

first is the observation time measured by the ordinary watch.

The second is the material’s intrinsic time that is revealed by

viscoelastic relaxation or retardation time. This material

intrinsic time can be influenced by many factors such as

temperature [1], physical aging [2,3], damage [4], pressure,

solvent concentration [5,6], strain [7], stress level [8–10],

etc. With regard to the temperature effect on this intrinsic

time, the well-known time–temperature superposition

principle states that the mechanical behavior of viscoelastic

materials at different time scales can be made equivalent by

changing their service temperatures.

If the material is linear viscoelastic, the Boltzmann

superposition principle can be used to predict the
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deformation of polymeric solids subjected to arbitrary

time-dependent loads. This is generally true for cases in

which the applied stresses are sufficiently small to have a

negligible effect on the material’s properties. However, at

higher stresses, most polymers exhibit nonlinear viscoelas-

tic behavior due to the fact that stresses change the

distribution of relaxation times to shorter times; that is

stresses change the material’s intrinsic timescale. A

modification to the Boltzmann superposition principle has

been proposed to account for the effects of elevated stresses

[11].

Based on the fact that higher stresses quicken creep or

relaxation of viscoelastic materials, which is similar to the

effect of higher temperatures, several time–temperature–

stress superposition principles (TTSSP) have been proposed

[10,12–14]. According to TTSSP, the time-dependent

mechanical properties of viscoelastic materials at different

temperatures and stress levels can be shifted along the time

scale to construct a master curve at a reference temperature

and stress level. The objective of this research is to

investigate the stress effect on the creep behavior of

polycarbonate (PC), and to get the master compliance

curve using a TTSSP.
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2. Time–temperature–stress superposition principle

Below, the TTSSP proposed by one of the authors [10] is

briefly deduced within the framework of free volume theory.

Free volume is the void space that is available for segmental

motions in polymers. A change in free volume influences the

mobility of the material and directly impacts upon its time-

dependent mechanical properties. The larger the free

volume, the greater the mobility of the molecular response

to external loading.

According to the free volume theory, the viscosity of the

material, h, which reflects the material’s intrinsic time, can

be related to the free volume fraction, f, via the Doolittle

equation [1] in the form

h Z A exp B
1

f
K1

� �� �
(1)

where A and B are material constants.

We assume that the stress-induced change in the free

volume fraction is linearly dependent on the stress change,

much like the effect of temperature on the change in free

volume. Considering both the temperature and stress

dependence of the free volume fraction of viscoelastic

materials, the free volume fraction can be expressed as [10]

f Z f0 CaTðT KT0ÞCasðs Ks0Þ (2)

where aT is the thermal expansion coefficient of the free

volume fraction, as refers to the stress-induced expansion

coefficient of the free volume fraction, and f0 is the free

volume fraction at the reference state.

Suppose there exists a temperature–stress shift factor

fTs, which satisfies

hðT ; sÞ Z hðT0; s0ÞfTs (3)

then from Eqs. (1) and (2) we have

log fTs ZKC1

C3ðT KT0ÞCC2ðs Ks0Þ

C2C3 CC3ðT KT0ÞCC2ðs Ks0Þ

� �
(4)

where C3 Z f0=as. Eq. (4) reduces to the WLF equation if

there is no stress difference.

Moreover, we define the stress shift factor at a constant

temperature, fT
s , and the temperature shift factor at a

constant stress level, fs
T , in such a way that

hðT ; sÞ Z hðT ; s0Þf
T
s Z hðT0; s0Þf

s0

T fT
s Z hðT0; sÞf

s
T

Z hðT0; s0Þf
T0
s fs

T (5)

then we have

fTs Z f
s0

T fT
s Z fT0

s fs
T (6)

It is shown from Eq. (6) that the time-dependent

mechanical properties of viscoelastic materials at different

temperatures and stress levels for some convenient time

scales can be shifted along the time scale to construct a

master curve of a wider time scale at a reference
temperature, T0, and reference stress level, s0, in one

step via the temperature–stress shift factor, fTs, or in two

steps via a combination of the stress shift factor at a

constant temperature, fT
s , and the temperature shift factor

at a constant stress level, fs
T .

Where the service temperature is chosen as the reference

temperature, T0, Eq. (4) reduces to

log fs ZK
B

2:303f0

s Ks0

f0=as Cs Ks0

� �

ZK
C1ðs Ks0Þ

C3 C ðs Ks0Þ
(7)

where fs denotes the stress shift factor. With this shift

factor, the nonlinear creep behavior can be described via the

stress-induced reduced time, t=fs:

Jðs; tÞ Z Jðs0; t=fsÞ (8)
3. Experiments

The material used for tests in this study was Tuffakw

polycarbonate (PC). Dumb-bell shaped specimens, with a

cross-section of 12.15 mm!2.15 mm, were cut from a very

regular transparent PC sheet with polished surfaces. All the

tests were completed under isothermal axial tensile creep

conditions.

Most of the conventional methods used in strain

measurement are inappropriate for polymers because

they require surface preparation. It is important to ensure

that the method used does not actually influence

measurement results, and so measurements must be

carried out with non-contact and non-disturbing evalu-

ations. Furthermore, the method must perform a two-

dimension analysis. For this study, we therefore adopted

a mark-tracing technique [15,16], whereby the gauge

section of the specimen is directly marked with four tiny

ink dots, which are used to detect surface strains during

loading. The strain tensor measurement was carried out

by calculating the geometrical state (density and

orientation) of four dots with respect to the reference

state (undistorted state) according to the process of large

strain kinetics.

Fig. 1 shows the diagram of the test device system,

including a testing machine developed by LMS (Univer-

sity of Poitiers), a data acquisition unit and an imaging

processing device [16,17]. The maximal loading was

limited to 5000 N, and we imposed a requirement that the

center of the specimen stay in the same position during

the test: this is in fact imposed by the strain measurement

method. The command allows for the control of displace-

ment and effort for any type of loading to be applied [15].

One of the loading programs consists of applying an

imposed uniaxial tension creep test. The geometrical

transformations of the dots during loading exactly
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Fig. 1. Schematic of the test device system.
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Fig. 2. Creep strain vs. time at different stress levels.
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reflect the specimen’s surface strains. Thus, determining

the strain field means following the dots geometrical

transformation (displacement). Then, through the process

of giving the Cartesian coordinates of dots coupled with

the procedure of strain kinetics, the amplitude of the

principal strains can be determined by comparing the

undeformed and the deformed states. The dots are

recorded in quasi-real time by a CCD video camera

(512!512 pixels), and digitally analyzed to calculate the

axial strain, using a personal-computer-based image

processing system after each deformation increment. The

precise position of the center of each dot is found by

using a centroid algorithm, which is well documented in

the work of one of the authors [18].

Uniaxial tensile creep tests were performed at room

temperature for 1 h by single-step loading PC strips and

we record the resulting axial strain as a function of time.

For each test, the creep compliance was determined as

the ratio of the time-dependent strain to the constant

applied stress. In order to check the linearity of the creep

behavior of the tested material, the tests were

conducted at nine different stress levels, from 15.89 to

59.4 MPa. If the creep strain is directly proportional to

the applied stress at any given time, that is the creep

compliance is independent of the imposed stress, the

material is linear for the stress and strain levels

encountered. This is generally true for small stresses,

but in the case of higher stress levels, doubling the stress

more than doubles the amount of creep, resulting in

different compliances at different stress levels, and so the

behavior is nonlinear.
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Fig. 3. Creep compliance curves of PC at various stress levels.
4. Results and discussion

Fig. 2 shows the creep behavior of PC at nine different

stress levels. During creep at a constant force, the strain

increases with time. Moreover, the higher the applied
stress, the higher the strain rate at any given time. When

we define the creep compliance J(t) as the ratio of

measured time-dependent strain, 3(t), to the applied

constant stress, s0, we get the compliance curves as

shown in Fig. 3, in which the compliance curves for the

stresses of 15.89 and 25.78 MPa nearly coincide with each

other. This implies that below approximately 26 MPa, the

measured strain is usually proportional to the applied

constant stress, and the creep behavior at stresses below

26 MPa can be characterized by a single J(t) curve, which

indicates that the creep behavior is linear. However, at

stresses higher than 26 MPa, the corresponding J(t)

increases with the applied stress, which marks the onset

of nonlinear creep behavior. This nonlinear effect results

from the change of timescale: at higher stress levels, the

material will creep faster.

According to the prescribed TTSSP, if the creep

compliance curves are plotted in a logarithmic timescale,

then different curves at different stress levels can be

superposed by a horizontal shift. To obtain the master
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Fig. 4. The master curve for the creep compliance at 30.97 MPa and

test temperature.
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compliance curve, the reference condition chosen for this

study was 30.97 MPa and the test temperature. A MathCAD

procedure was programmed to calculate the horizontal shift

factors with the least deviation between the reference

compliance curve and the shifted one. The constructed

master compliance curve and the corresponding horizontal

stress shift factors, fs, are shown in Figs. 4 and 5,

respectively.

Fitting the data in Fig. 5 with Eq. (7), we can determine

the corresponding values of C1 and C3 as shown in Fig. 5.

The open circles are the calculated stress shift factors for

different stress levels, while the solid line represents the

equation fit.

It should be pointed out that the results shown in Figs. 4

and 5 indicate an accelerated creep characterization

of approximately 4 decades beyond the test duration. In

other words, to predict the creep behavior in a 1-year
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Fig. 5. Variation of stress shift factor with stress difference for s0Z
30.97 MPa and room temperature.
(7.5 decades) duration at room temperature and 30.97 MPa,

one needs only to perform several creep tests at stresses up

to 59.4 MPa with 1-h (3.5 decades) duration.
Acknowledgements

The experiments were conducted at the Laboratory of

Solid Mechanics, University of Poitiers, France. Luo would

like to express special thanks to the China Scholarship

Council.
References

[1] J.J. Aklonis, W.J. MacKnight, Introduction to Polymer

Viscoelasticity, second ed., Wiley-Interscience, New York,

1983.

[2] L.C.E. Struik, Physical Aging in Amorphous Polymers and

Other Materials, Elsevier, Amsterdam, 1978.

[3] R.D. Bradshaw, L.C. Brinson, A continuous test data method

to determine a reference curve and shift rate for isothermal

physical aging, Polymer Engineering and Science 39 (2)

(1999) 211–235.

[4] Y. Wei, T. Yang, X. Du, A damage model for interpreting

strain dependence of dynamic mechanical properties of

viscoelastic solids in: T. Yang et al. (Ed.), Advances in

Rheology, HUST Press, Wuhan, 1999, pp. 255–260. (in

Chinese).

[5] W.G. Knauss, I. Emri, Volume change and nonlinearly

thermo-viscoelasticity constitution of polymers, Polymer

Engineering and Science 27 (1) (1987) 86–100.

[6] G.U. Losi, W.G. Knauss, Free volume theory and nonlinear

thermoviscoelasticity, Polymer Engineering and Science 32

(8) (1992) 542–557.

[7] P.A. O’Connell, G.B. McKenna, Large deformation response

of polycarbonate: time–temperature, time–aging time, and

time–strain superposition, Polymer Engineering and Science

37 (9) (1997) 1485–1495.

[8] B. Bernstein, A. Shokooh, The stress clock function in

viscoelasticity, Journal of Rheology 24 (1980) 189–198.

[9] J. Lai, A. Bakker, Analysis of the non-linear creep of high-

density polyethylene, Polymer 36 (1) (1995) 93–99.

[10] W. Luo, T. Yang, Q. An, Time–temperature–stress equival-

ence and its application to nonlinear viscoelastic materials,

Acta Mechanica Solida Sinica 14 (3) (2001) 195–199.

[11] W.N. Findley, J.S.Y. Lai, A modified superposition

principle applied to creep of nonlinear viscoelastic

material under abrupt change in state of combined stress,

Transactions of the Society Rheology 11 (3) (1967) 361–

380.

[12] R.A. Schapery, On the characterization of nonlinear viscoe-

lastic materials, Polymer Engineering and Science 9 (4) (1969)

295–310.

[13] S.C. Yen, F.L. Williamson, Accelerated characterization of

creep response of an off-axis composite material, Composites

Science and Technology 38 (1990) 103–118.



S. Jazouli et al. / Polymer Testing 24 (2005) 463–467 467
[14] W. Brostow, Time–stress correspondence in viscoelastic

materials: an equation for the stress and temperature

shift factor, Materials Research Innovations 3 (2000) 347–

351.

[15] J. Said, Identification expérimental et numérique des lois de
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