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ABSTRACT: This article reports an exploratory study on the creep and recovery behavior of kenaf/polypropylene nonwoven composites

(KPNCs), serving as a bio-based substitution for polypropylene (PP) plastics in the automotive industry due to the environmental

concern. The creep and recovery behavior of KPNC and solid virgin PP were performed by dynamic mechanical analyzer (DMA)

which allowed it to be studied extensively. The linear viscoelastic limit (LVL) was found at 1 MPa. Two popular creep models, the

four-element Burgers (FEB) model and the Findley power law (FPL) model, were used to model the creep behavior in this study. The

FEB model was found only appropriate for characterizing short-term creep behavior. In contrast, the FPL model was satisfactory for

predicting the long-term creep performance. The long-term creep behavior of KPNC in comparison to virgin PP plastic was predicted

using the time-temperature superposition (TTS) principle. The 1-year creep strains were estimated to be 0.32% for KPNC and 1.00%

for virgin PP at 40�C. A three-day creep test was conducted to validate the effectiveness of the TTS prediction. KPNC showed a better

creep resistance and higher recoverability than the virgin PP, especially in a high-temperature environment. VC 2014 Wiley Periodicals,

Inc. J. Appl. Polym. Sci. 2014, 131, 40726.
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INTRODUCTION

Natural Fiber Nonwoven Composites

Kenaf/polypropylene nonwoven composites (KPNCs) are ideal

for producing bio-based automotive interior parts because they

can reduce vehicle weight for higher fuel efficiency; lower pro-

duction cost by time and energy saving; enhance vehicle acous-

tical performance; and improve passenger safety.1 Consequently,

KPNC is nowadays increasingly used as a substitute for

petroleum-based injection-molded plastics and glass fiber–rein-

forced composites in auto interior manufacture, such as passen-

ger carpet, door panel trim, headliner, trunk trim, and so on.1

Expanded use of these green materials will bring environmental

benefits in terms of carbon sequestration,2 greenhouse gas

reduction,3 and an increase of vehicle fuel efficiency.4

Nonwoven fabrication followed by compression molding has some

advantages over resin transfer molding5 and injection molding.6 It

is a one-shot process with reduced processing time for thermoplas-

tic polymers, energy saving, and cost effectiveness.7,8 However, lit-

tle attention has been paid to the nonwoven fabrication and

compression molding technique for producing KPNCs used in

this research. There is also little work on characterization of the

nonwoven composite mechanical and thermal behavior that is dis-

tinct from traditional metal or plastic materials. This article reports

an exploratory study on the creep performance of KPNCs compar-

ing to solid virgin polypropylene (PP) plastics. Because PP is a

standard plastic currently used in the automotive interior applica-

tion,9 this study intends to explore the application of KPNC as a

bio-based substitution for PP plastics used in the automotive

industry. The strain rate effects that studied in our previous arti-

cle10 confirmed the time-dependence of KPNCs. The creep and

recovery behavior of nonwoven structured natural fiber composites

is very distinct from solid virgin PP, because KPNC has a high vol-

ume fraction of pores. KPNC also has a different microstructure

from solid PP. Compared to solid virgin, PP has only one phase

but three phases exist in KPNC: kenaf fiber, PP matrix, and air.

Only one KPNC sample was used but an extensive series of tests

were conducted to characterize the creep behavior of KPNC.

Creep Behavior

Polymers used in engineering applications are often subjected to

stress for a long time and at high temperatures. In this case,
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polymers exhibit time-, temperature-, and stress-dependent

behavior. Therefore, understanding the viscoelastic properties of

polymers is very important. Creep is the progressive deforma-

tion of a material at a constant stress. Creep behavior is another

very important end-use property for natural fiber–reinforced

polymer matrix composites (PMCs), because both the natural

fiber reinforcement and polymer matrix exhibit time- and

temperature-dependent properties. When performing a creep

test, a plastic material deforms continuously. The primary stage

is when the creep rate decreases rapidly with time. The initial

strain is generally predicted by its elastic stress–strain curve.

The material will continue to deform slowly with time. The

creep deformation then reaches a steady-state until yielding or

rupture. All plastics creep to a certain extent due to their visco-

elastic properties. The degree of creep depends on factors such

as type of plastic, magnitude of load, temperature, and time.11–13

There have been considerable studies on the creep behavior of

natural fiber-reinforced PMCs14–18; however, there is no compre-

hensive study on the creep behavior of natural fiber nonwoven

composites to our best knowledge. In this article, the effects of

time, temperature, and stress on the creep behavior of KPNCs

and virgin PP plastics were investigated. Two models suitable for

evaluating the creep behavior of these materials are discussed.

The long-term creep and recovery behavior of these materials are

predicted.

Creep and Recovery Models

Many models have been proposed to describe the creep behav-

ior of polymers. The creep behavior is represented by simple

rheological models if the polymer is tested under the linear

viscoelastic limit (LVL). These models can be divided into phys-

ical models and empirical models based on the interpretation of

parameters. The four-element Burgers (FEB) model has been

widely used as a physical model to capture the creep behavior

of natural fiber-reinforced PMCs.19–21 This model has one Max-

well unit and one Kelvin unit connected in series. The creep

strain for PMC consists of three parts: instantaneous deforma-

tion resulting from the Maxwell spring; viscoelastic deformation

resulting from Kelvin units; and viscous deformation resulting

from the Maxwell dashpot. It can be expressed as:22
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where e(t) is the creep strain; r is the applied stress; t is the

time; s is the retardation time for the Kelvin element to pro-

duce 63.21% (or 1–1/e) of its total deformation; EM and EK

are the elastic moduli of the springs; and gM and gK are vis-

cosities of the dashpots in this model. The parameters EM, EK,

gM, and gK can be obtained by fitting experimental data with

eq. (1) and can be used for characterization of creep proper-

ties. In this equation, the first term is a constant and inde-

pendent of time; the second term contributes to the early

stage of creep, but reaches a maximum quickly; and the last

term determines the long-term creep trend at a constant creep

rate. Based on the FEB model, the creep rate e0(t) can be

expressed as:
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The creep rate reaches to a constant value when the creep

reaches a steady state (t 51), as shown below:

e0ð1Þ5 r
gM

(3)

The Findley power law (FPL) model is one of the most popular

empirical models for analyzing creep behavior of polymers. It

can be expressed as:23

eðtÞ5e01ec3tn (4)

where e(t) is the creep strain at time t; e0 is the time-

independent initial strain; ec is the amplitude of creep strain

which is a time-dependent coefficient; n is the time exponent

that is independent of stress and is generally less than one; e0

and ec are functions of stress and environmental variables.

When the constant stress is removed at time t0, the sample

starts to recover, which is the reverse of creep. The maximum

deformation is achieved at time t0:

RðtÞ5eðt0Þ2 eðt01tÞ (5)

The creep deformation in the recovery process can be divided

into two parts: recoverable strain, R(t) at time t, and nonreco-

verable strain, NR(t) at time t, as expressed below:

eðtÞ5RðtÞ1NR ðtÞ (6)

The recoverable strain for the FEB model is:
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The nonrecoverable strain for the FEB model is:

NR ðtÞ5 r
gM

t (8)

The recovery rate at time t is defined as:

RR ðtÞ%5
RðtÞ
eðtÞ 3100%5100%2

NR ðtÞ
eðtÞ 3100% (9)

In the cyclic creep and recovery analysis, the recovery rate of

each cycle was calculated using eq. (9). The cyclic creep and

recovery experimental data were fitted in an exponential decay

model expressed by:

RRðNÞ5a 3 exp 2N=bð Þ1RR ð1Þ (10)

where RR(N) is defined as the recovery rate of the Nth cycle;

RR(1) is defined as the recovery rate after infinite numbers of

creep cycles; N is the number of cycles; a is an exponential

decay amplitude; and b is a decay constant.

Time-Temperature Superposition

Although long-term creep is very important for evaluating the

end-use performance of natural fiber-reinforced composites, it

is usually not practical to perform a creep test for an extremely

long period of time. Time-temperature superposition (TTS) is

one of the most useful extrapolation techniques to predict the

long-term creep behavior using short-term testing.24–26 TTS

assumes that the viscoelastic behavior of amorphous polymers

at one temperature can be related to that at another tempera-

ture by a change in the time scale only. The curves from tests at

different temperatures are horizontally shifted along a logarith-

mic time axis until the curves overlap to form one continuous

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4072640726 (2 of 11)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


master curve. The TTS technique was originally developed for

amorphous polymers. Ward et al.27 concluded that TTS could

not be applied to crystalline polymers because of their compli-

cated thermal behavior. However, Landel et al. 28 suggested that

TTS could be applicable to semicrystalline polymers if a vertical

shifting factor was also introduced into the TTS method. Since

the TTS method has limits to its application,29 verification of

the master curve with a 3-day creep test is necessary to validate

this model for KPNCs.

EXPERIMENTAL

Material

The kenaf fiber was supplied by Engage Resources (Thailand),

Ltd Co. PP staple fiber, which was supplied by Fiber Science,

(Palm Bay, FL) with an average length of 50.8 mm and fineness

of 7 denier was used for nonwoven formation and bonding.

The PP sample for creep tests was cut from a solid block of vir-

gin PP, which was supplied by Sabic (grade code: 575P, Sittard,

The Netherlands). The melt flow rate of the PP sample is 10.5 g

/10 min at 230�C and 2.16 kg (ISO 1133). Specimens were

13 6 1 mm wide and the testing length was fixed at 35 mm.

The KPNC specimens were 3.0 6 0.2 mm thick and solid virgin

PP plastics were 1.9 6 0.1 mm thick.

Nonwoven Composite Fabrication

The manufacture of KPNCs follows the same method in our

previous articles.10,30 This process involves three steps: carding,

needle-punching, and thermal compression. The kenaf fiber,

which acts as the reinforcement, was manually opened and

mixed with PP fibers in 50/50 weight ratio. The mixture was

then fed into an F015D Universal Laboratory Carding Machine

(Model F015D, SDL Atlas, Rock Hill, SC) to produce a fiber

web. During carding, the mixture was further opened and indi-

vidual fibers were combed to be parallel. The fiber web was

carded once again in the perpendicular direction to improve

web isotropy. Subsequently, these fibrous felts were transferred

to a Laboratory Needle Loom (Model 237, Morisson Benkshire,

North Adams, MA) to produce nonwoven felts. The feeding

speed is 1.6 m/min and the punching rate is 228 strokes/min.

By applying the mechanical needling technology, the fiber

blends were greatly entangled and interacted in the out-of-plane

direction. After needle-punching, the nonwoven felts are much

denser and stronger than the fiber web. Next, the felts were cut

into 300 3 300 mm2 size of segments and machine gauge

length was set to 3.175 mm (1/8 inch) for composite thickness

control. Samples were compression molded by the MEYERVR

Transfer Printing and Laboratory Press System-Type APV 3530/

16 (Meyer LLC., Roetz, Germany).The KPNC sample that com-

pression molded at 0.5 MPa and 230�C for 60 s was selected for

the creep tests. After compression molding, samples were trans-

ferred to a pair of cold plates and cold pressed at 0.5 MPa for

30 s to obtain a sleek surface.

Methods

Creep tests were performed using a dynamic mechanical ana-

lyzer (DMA) (Model Q800, TA Instrument, New Castle, DE) in

the dual-cantilever mode. In each test, the specimens were

heated to the desired temperature and were allowed to equili-

brate for 5 min prior to the test. Each test was performed three

times. The averaged values were reported. The maximum nomi-

nal normal stress (MPa) in the dual-cantilever deformation

Figure 1. Storage moduli of KPNC and PP as a function of temperature.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 2. Stress-strain curves for (A) KPNC and (B) PP at various tem-

peratures at a strain rate of 2.28 3 1025 s21. The solid lines are interpola-

tions between the data points. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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mode is calculated using eq. (11) and the maximum nominal

normal strain (%) is expressed using eq. (12):

rx5
3 3 P 3 L

w 3 t2
(11)

ex5
3 3 d 3 t 3 Fc

L2 3 11 12
5

3 ð11tÞ3 t
L

� �2
h i (12)

where L is the length (mm) between clamps (17.5 mm in this

study); w is the sample width (mm); t is the sample thickness

(mm); P is half of the applied force (N); Fc is the clamping cor-

rection factor; and t is the material Poisson’s ratio. For KPNC t
is 0.3010 and for virgin PP t is 0.45.31

Temperature Determination in Creep Tests. To determine the

temperature steps to perform creep test, KPNC sample was

heated from 40 to 200�C and the virgin PP sample was heated

from 40 to 180�C at a heating rate of 5�C/min. The samples

were deformed in the dual-cantilever mode at 0.05% strain.

Loading frequency was 1.0 Hz.

Linear Viscoelastic Limit. Strain sweep tests of the KPNC and

PP samples up to the maximum force level of the instrument

(i.e., 18 N) were performed at a frequency of 1 Hz and at the

temperatures of 40, 60, 80, 100, 120, and 140�C. The strain rate

was 2.28 3 1025 s21.

Thirty-Minute Creep Tests. The 30-min creep tests were per-

formed at a frequency of 1 Hz at the temperatures of 40, 60,

80, 100, 120, and 140�C for KPNC and at the temperatures of

40, 60, 80, and 100�C for PP. After equilibrating at the desired

temperature, a stress of 1 MPa (the LVL value obtained in Lin-

ear Viscoelastic Limit section) was applied and held constant

for 30 min while the creep strain was measured, followed by a

30-min recovery.

Three-Day Creep Tests. Three-day creep tests were also per-

formed at 40�C for both the KPNC and PP samples at the stress

level of 1 MPa. After 72 h, the stress was released and the sam-

ple was allowed to recover for 24 h. The three-day creep test

results were compared with the TTS prediction from the master

curves.

Stress Effects. The 30-min creep tests were performed at a fre-

quency of 1 Hz at 40�C for both KPNC and PP. After equili-

brating, five stress levels of 0.5, 1.0, 1.5, 2.5, and 3.5 MPa were

applied and held constant for 30 min while the creep strains

were measured.

Cyclic Creep Tests. The 30-min creep test in 2.3.3 was repeated

for a total of 10 cycles at 40–140�C for KPNC and at 40–100�C
for the PP sample. The recovery rate for each cycle was calcu-

lated using eq. (9).

Creep Molding and Recovery Analysis. Nonlinear regression

was used to estimate EM, EK, gM and gK values in eq. (1). Least-

square estimates of the regression parameters were calculated by

minimizing the sum of squares. The correlation coefficient value

r2 is defined as model sum of squares divided by total sum of

squares. A better goodness-to-fit is obtained when r2 is closer to

1. Statistical Analysis System (SAS) version 9.2 (SAS, Cary, NC)

was used to perform this nonlinear regression analysis on the

experimental data. The Gauss-Newton iterative method was

Figure 3. 30-min creep strain for KPNC (solid symbol) and PP (hollow

symbol) at various temperatures when r 5 1 MPa. Symbols represent

experimental data and lines represent the FEB model fits. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 4. 30-min creep strain rate for (A) KPNC and (B) PP at various

temperatures when r 5 1 MPa. Symbols represent experimental data and

lines represent the FEB model fits. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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implemented in estimating the parameters and minimizing the

sum of squares.

RESULTS AND DISCUSSION

Temperature Determination in Creep Tests

As seen in Figure 1, the glass transition of KPNC occurred

within 40–60�C and melting of KPNC occurred within 150–

160�C. Therefore, the creep test temperature steps of KPNC

were selected from 40 to 140�C with an increment of 20�C. In

addition, the reference temperature (Tref) in the TTS prediction

was selected as 40�C, because it is desirable to set Tref close to

Tg. For virgin PP, an abnormal storage modulus bump occurred

when temperature exceeded 100�C. Because PP exhibited a very

low viscosity above 100�C, the dimensional changes of the PP

samples were very significant. Storage modulus calculations

assume that the sample behaves in a linearly elastic manner.

The creep strain caused by sample gravity was higher than the

true strain applied by the instrument. Therefore, valid creep

data for the PP sample was obtained by the DMA method only

up to 100�C. The creep test temperature steps of PP were, thus,

selected from 40 to 100�C, with an increment of 20�C.

Linear Viscoelastic Limit

Figure 2 shows the strain sweep test results for KPNC at 40–140�C
and of PP at 40–100�C. The stress-strain curve for KPNC showed a

good linear relationship in the testing region up to about 3.5 MPa at

40�C, The LVL of KPNC was shortened to about 1 MPa when the

temperature increased to 140�C. This phenomenon resulted from

the viscous behavior of KPNC and was not apparent during the test

at 40�C. However, the mobility of polymer molecular chains (mainly

PP matrix) increased with increasing temperature. Therefore, a stress

of 1 MPa was used in the creep tests to ensure that the creep defor-

mations were within the LVL.

Temperature Effects

Figure 3 shows the experimental creep strains as a function of

time for KPNC at 40–140�C and for PP at 40–100�C when a

constant stress of 1 MPa was applied. The fitted curves from

the FEB model are drawn as solid lines for KPNC and dash

lines for PP for the purpose of comparison. Overall, the

Table I. The Fitted Parameters Obtained from the Four-Element Burgers Model at r 5 1 MPa

Sample T (�C)
EM

(MPa)
EK

(MPa)
gK

(GPa�s)
gM

(GPa�s) r2 s (s)
e0(1)
(1027s21)

KPNC 40 1161 3058 429 6250 0.995 140.3 1.6

60 928 1653 224 4762 0.995 135.6 2.1

80 681 1264 164 3704 0.992 130.0 2.7

100 422 1096 115 2564 0.991 105.3 3.9

120 368 834 89 2273 0.992 107.1 4.4

140 257 652 56 1515 0.990 86.4 6.6

PP 40 978 1996 227 3333 0.992 113.8 3.0

60 686 818 112 2128 0.993 136.7 4.7

80 347 210 31 1068 0.995 149.5 9.4

100 218 130 15 730 0.993 112.1 13.7

Figure 5. 30-min creep strain for KPNC (solid symbol) and PP (hollow

symbol) at various temperatures when r 5 1 MPa. Symbols represent

experimental data and lines represent the FPL model fits. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 6. TTS master curves constructed from the 30-min creep data for

KPNC (solid symbol) and PP (hollow symbol) at 40, 60, 80, 100, 120 and

140�C (Tref 5 40�C). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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temperature had a statistically significant effect on the creep

strains for KPNC and PP (one-way ANOVA, P< 0.05). The

creep strains for KPNC and PP increased at elevated tempera-

tures. KPNC had a lower creep strain than the virgin PP at each

temperature step. The differences on creep strains between

KPNC and PP were greater at higher temperatures. Therefore,

KPNC showed a better creep resistance than the virgin PP, espe-

cially in a high-temperature environment.

Generally speaking, the fitting by FEB model showed good agree-

ment with experimental data at each temperature step, demon-

strating that the parameters for the FEB model were applicable to

the characterization of KPNC creep properties. However, some

discrepancy occurred at the end of the 30-min creep tests. More-

over, the discrepancy became larger at higher temperatures espe-

cially for PP at 100�C. The creep rate calculated with the FEB

model parameters based on eq. (2) are presented in Figure 4, for

a comparison with the experimental creep rate. The FEB model

overestimated the long-term creep rate. The FEB model could be

improved by incorporating more Kelvin units to make six-,

eight-, or high-element Burgers models.

The complete FEB modeling parameters are listed in Table I. As

a general trend, all four parameters (EM, EK, gK, and gM) of

KPNC and PP decreased as temperature increased. The decreas-

ing tendency of the EM and gM values resulted from a decreased

material stiffness with respect to decreased instantaneous modu-

lus and a lower viscosity of the bulk materials at elevated tem-

peratures. The decreasing EK and gK values exhibited a higher

molecular chain mobility of KPNC and PP at elevated tempera-

tures. KPNC showed a smaller creep rate [e’(1)] than PP, indi-

cating that KPNC had lower long-term creep strain and less

temperature dependency than PP.

According to eq. (1), EM is the instantaneous elastic modulus

that is determined by the Maxwell spring. It can be immediately

recovered once the stress is removed. EM also corresponds to

the elasticity of the crystallized zones in a semicrystallized poly-

mer. Compared to the amorphous regions, the crystallized zones

are subjected to immediate stress due to their higher stiffness.

The viscosity of the Maxwell unit gM represents the nonrecover-

able creep deformation and is related to the long-term creep

rate. At the molecular level, gM corresponds to damage in the

crystallized zones and irreversible deformation in the amor-

phous regions. The decrease in gM implies an increasing defor-

mation of the Maxwell unit at elevated temperatures. The

retardant elasticity Ek is associated with the stiffness and the

retardant viscosity gk is coupled with the viscosity of the amor-

phous regions in the semicrystallized polymer. In this study, it

was also found that the elasticity Ek and viscosity gk of the Kel-

vin unit decreased with temperature, indicating that the defor-

mation of the Kelvin unit became larger at higher temperatures.

As shown in Table I, the gM values are more than 10 times

higher than the gk values.

Figure 5 shows the experimental creep strains as a function of

time for KPNC at 40–140�C and for PP at 40–100�C when a

constant stress of 1 MPa was applied. The fits from the FPL

model are drawn as solid lines for KPNC and dash lines for PP.

The results reveal that the FPL model also fit well the experi-

mental data within the whole range of testing temperature. This

suggests that the FPL model would also be feasible in predicting

KPNC creep behavior.

For the FEB model, the initial quick and unstable creep defor-

mation in the primary stage is represented by the Maxwell

spring and the steady-state creep is represented by the Kelvin

unit. The creep rates based on these two units are different.

Therefore, the predictions from the FEB model within the tran-

sition zone (100–600 s) were faster than the experimental creep

rates (Figure 3). In contrast, the FPL does not use four parame-

ters to predict the primary and steady-state creep stages. The

predictions from the FPL model within the transition zone were

slower than the experimental creep rates (Figure 5). Therefore,

the FPL is more effective in predicting the creep behavior of

polymers that have no significant transition from primary to

steady-state creep stage.

The TTS master curves were constructed from the 30-min creep

tests for KPNC and PP. As seen in Figure 6, KPNC and PP had

very similar initial creep strains at the beginning of the master

curves. The differences on creep strains became larger as time

Figure 7. Comparison of three-day creep data with TTS and predictions

at 40�C (A) KPNC and (B) PP. Symbols represent experimental data; solid

lines represent fits using the FEB model and the FPL model. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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passed. The one year creep strain was extrapolated from the log

creep strain at log time equals to 7.5 in Figure 6. It was esti-

mated to be 0.32% for KPNC and 1.00% for virgin PP at 40�C.

KPNC showed both a lower long-term creep strain and a lower

creep rate than PP. This resulted from the lower temperature-

dependence of KPNC.

Figure 7 shows the comparison between the TTS prediction

and the three-day experimental data for KPNC and PP. The

TTS prediction for PP fit the three-day experimental data bet-

ter than KPNC. It can be explained that the solid virgin PP

sample had only one phase but KPNC had three phases (kenaf

fiber, PP, and air). Therefore, PP was thermorheologically sim-

pler than KPNC. A horizontal shifting was adequate to cor-

rectly superimpose the creep data of virgin PP. For KPNC the

predicted values from the TTS model were lower than the

experimental results. Tajvidi et al.16 found that the long-term

creep strain for 50 wt % kenaf/ HDPE composite was underes-

timated by the TTS prediction. A better prediction was made

by introducing vertical shifts. The difference between the TTS

prediction and the experimental data indicated that the master

curve needs to be verified before its application, because the

creep behavior of polymers, especially semicrystalline poly-

mers, is complicated. They are affected by temperature, stress

level, and service conditions.

Although the FEB model fit the 30-min creep test data very

well as illustrated in Figure 3, this model can only be used for

characterizing short-term creep behavior (30-min creep test in

this study). As shown in Figure 7, the prediction of long-term

creep behavior for KPNC and PP using the FEB model exhib-

ited a large discrepancy with the three-day experimental data.

Xu32 also pointed out this large discrepancy between the pre-

dicted creep strain for 40 wt % bagasse/HDPE composite gener-

ated by the FEB model and the three-day creep data. In

contrast, the FPL model, as expressed in eq. (4) with e0 and ec

as material constants, showed very good agreement with the

three-day experimental data. This indicated that the FPL model

was satisfactory for predicting the long-term creep performance

of KPNC and PP at 40�C.

Figure 8. Creep (C), recoverable strain (R), and nonrecoverable (NR) strain for KPNC (solid lines) and PP (dash lines). The lines are interpolations

between the data points. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 9. 30-min creep strain for KPNC (solid symbol) and PP (hollow

symbol) at various stresses when T5 40�C. Symbols represent experimen-

tal data and lines represent the FEB model fits. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 8 shows the creep, recoverable, and nonrecoverable

strains for KPNC and PP based on the 30-min creep tests. The

recovery rate denoted as RR (1) at each temperature step is also

listed in Table III. The nonrecoverable deformation started from

0 for KPNC at all temperature steps and for PP at 40 and 60�C,

indicating that the instantaneous creep deformation was fully

recovered for KPNC and for PP at low temperatures. Based on

the FEB model, the dashpot in the Maxwell unit created the

nonrecoverable strain, which was proportional to creep time as

expressed in eq. (8). However, the nonrecoverable curves failed

to follow this linear trend, suggesting that the FEB model can-

not be applied for recovery prediction. Comparatively, KPNC

had lower nonrecoverable deformation than PP at each temper-

ature step. The nonrecoverable deformation was less than the

recoverable deformation at each temperature step for KPNC.

However, the nonrecoverable deformation was larger than

recoverable deformation starting at 80�C for PP. The higher

recoverability of KPNC makes it a better choice for a high tem-

perature working environment.

Stress Effects

Figure 9 shows the experimental data for creep strains as a

function of time for KPNC and PP when subjected to stress lev-

els of 0.5, 1.0, 1.5, 2.5, and 3.5 MPa at 40�C. The predictions

from the FEB model are drawn as solid lines for KPNC and

dash lines for PP. Overall, the stress had a statistically significant

effect on the creep strains for KPNC and PP (one-way ANOVA,

P< 0.05). The creep strains for KPNC and PP increased at ele-

vated stress levels. The virgin PP had higher creep strain than

KPNC at each stress level. KPNC had better creep resistance

than the virgin PP under higher stresses. From Figure 9, it was

observed that for both KPNC and PP the creep strain difference

was increased corresponding to the stress increases.

The complete FEB modeling parameters are listed in Table II.

This model showed good agreement with the experimental data at

each stress level. As a general trend, all four parameters (EM, EK,

gK, and gM) of KPNC and PP decreased as temperature increased.

One exception is PP at 1.0 and 1.5 MPa. The EK, gK, and gM val-

ues at 1.0 and 1.5 MPa did not have statistically significant differ-

ences (t test, P> 0.1). It is possible that the stress difference of 1.0

and 1.5 MPa is too small to distinguish, considering the fact that

the stresses of 1.0 and 1.5 MPa correspond to the forces of 1.9

and 2.8 N applied on the PP sample. At each stress level, KPNC

had higher EM values than PP. KPNC also showed a smaller creep

rate [e0(1)] than the virgin PP, indicating that the long-term

Table II. The Fitted Parameters Obtained from the Four-Element Burgers Model at T5 40�C?

Sample
Stress
(MPa)

EM

(MPa)
EK

(MPa)
gK

(GPa�s)
gM

(GPa�s) r2 s (s)
e0(1)
(1027s21)

KPNC 0.5 2415 4292 725 8333 0.995 168.9 1.2

1.0 1161 3058 429 6250 0.995 140.3 1.6

1.5 830 3788 301 5882 0.990 79.4 1.7

2.5 496 2639 175 4167 0.989 66.1 2.4

3.5 351 1927 125 3226 0.991 64.6 3.1

PP 0.5 2252 3257 593 9091 0.992 182.2 1.1

1.0 978 1996 227 3333 0.992 113.8 3.0

1.5 651 2049 261 3846 0.993 127.5 2.6

2.5 469 1062 143 1724 0.992 134.8 5.8

3.5 343 978 98 1471 0.991 100.4 6.8

Table III. The Fitting Parameters for the Cyclic Creep Recovery Rate

Sample T (�C)
RR (1)
(%)

RR (1)
(%) X a b r2

KPNC 40 77.78 64.49 0.829 15.58 7.71 0.995

60 73.44 61.91 0.843 15.78 3.13 0.998

80 72.38 61.09 0.844 16.44 2.62 0.998

100 69.78 59.08 0.847 14.02 3.65 0.999

120 68.50 56.54 0.825 15.89 3.52 0.999

140 67.13 56.13 0.836 15.06 3.06 0.996

PP 40 78.24 59.87 0.765 24.74 3.13 0.995

60 51.83 38.26 0.738 21.96 1.97 0.998

80 39.44 29.22 0.741 16.56 1.96 0.996

100 23.02 17.30 0.751 10.13 1.69 0.989
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creep strain of KPNC was lower and less stress-dependent than

PP. However, the creep rates of KPNC and PP were insensitive to

the stress level of 0.5 MPa at 40�C.

The EM values of KPNC and PP decreased with increasing stress

levels at 40�C. A significant reduction was found at the stresses

of 2.5 and 3.5 MPa. Compared to PP, KPNC had a larger EM

value, meaning a higher elasticity, at each temperature step.

According to the predictions from the FEB model listed in Table

II, both EK and gK decreased with an increase in the stress level,

indicating that the Kelvin unit had a very high stiffness and was

very difficult to flow at low stress levels. With an increase in the

stress levels, elastic deformation, and viscous flow became larger,

resulting in the reduced EK and gK values. The decreases in the

EK and gK values for KPNC and PP demonstrate the effect of

the stress levels on short-term creep resistance. In addition, the

reduction of retardation time (s) at elevated stress levels indi-

cates that the higher stress levels accelerate the transition from

primary to secondary creep. Table II also shows that the higher

stress level lead to lower gM values and higher e’(1) values,

reflecting the effect of the stress levels on the long-term creep

behavior of KPNC and PP.

To evaluate the FPL model, Figure 10 illustrates the experimen-

tal data for creep strains as a function of time for KPNC and

PP when subjected to the stress levels of 0.5, 1.0, 1.5, 2.5, and

3.5 MPa at 40�C. The fits from the FPL model are drawn as

solid lines for KPNC and dash lines for PP. This model exhib-

ited good agreement with the experimental data at each stress

level, demonstrating its applicability in analyzing composite

creep behavior.

The time-stress superposition (TSS) master curves were con-

structed from 30-min creep tests for KPNC and PP (Figure 11).

The same method of horizontal shifting as applied to the TTS

principle was also used for the TSS master curves by replacing

temperature with stress. The effectiveness of the TSS principle

has been reported in the literature.33–36 A phenomenon similar

to what was observed from the TTS master curves can be seen

in Figure 11. KPNC and PP both exhibited a very similar initial

creep strain at the beginning of the master curves. The differ-

ence in creep strains became larger as time passed. The extrapo-

lated one-year creep strain is 0.25% for KNPC and 0.40% for

Figure 10. 30-min creep strains for KPNC (solid symbol) and PP (hollow

symbol) at various stresses at 40�C. Symbols represent experimental data

and lines represent the FPL model fits. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 11. Comparison of TSS master curves constructed from the 30-min creep data at 0.5, 1.0, 1.5, 2.5, and 3.5 MPa (rref 5 1 MPa) with three-day

creep experimental data (Left) KPNC and (Right) PP. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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PP at 1 MPa of the applied stress. KPNC showed a lower long-

term creep strain and also a lower creep rate than PP. This

resulted from the lower stress-dependence of KPNC. Figure 11

also shows the comparison between the TSS prediction and the

three-day creep data of KPNC and PP. The TSS prediction for

PP fit the three-day experimental data better than that for

KPNC, due to the thermorheologically simplicity of PP as dis-

cussed previously. The predicted strains for KPNC from the TSS

prediction were lower than the experimental results.

Cyclic Thirty-Minute Creep Tests

Cyclic creep tests were conducted by performing creep tests for 30

min at 1 MPa followed by a 30-min recovery process for 10 cycles.

The recovery rate for each cycle was calculated according to eq. (9)

and is listed in Figure 12. The exponential decay function expressed

in eq. (10) was fit very well with the recovery rates from Cycle 1 to

10. As shown in Table III, the predicted recovery rate of KPNC and

PP after infinite numbers of cycles [RR (1)] decreased at elevated

temperatures. At each temperature step, the RR (1) value of KPNC

was higher than PP, indicating a better recoverability of KPNC than

PP. X is defined as the ratio of RR (1) over RR (1). A higher X value

indicates a larger percent of recovery rate that materials can retain

during the cyclic creep process. KPNC was superior to PP because it

maintained a higher recovery rate.

CONCLUSIONS

Both temperature and stress had statistically significant effects

on the creep strains for KPNC and PP. The creep strains for

KPNC and PP increased at elevated temperatures. However, the

creep strain for KPNC was lower than that of PP at each tem-

perature step. The difference on creep strains for KPNC and PP

became larger at higher temperatures, indicating that KPNC

had a better creep resistance than PP at elevated temperatures.

A similar trend was also found on the stress effects. The recov-

ery analyses indicated that KPNC has a higher recovery rate

than PP at every 30-min creep cycle.

The FEB model was found only appropriate for characterizing

short-term creep behavior (30 min in this study). In contrast,

the FPL model was satisfactory for predicting the long-term

creep performance of KPNC and PP. Both models demonstrated

their applicability in predicting composite creep behavior. How-

ever, some limitations of both models still exist.

The TTS master curves for KPNC and PP were established. The

master curve for PP fit well with the three-day creep data show-

ing a better prediction accuracy. The master curve for KPNC

underestimated its long-term creep performance due to the

multiphase thermorheological complexity of KPNC. Therefore,

the accuracy of TTS method needs to be verified by experiments

(the three-day creep test in this study), especially for composites

with multiple components.
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