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Abstract Polypropylene (PP) exhibits suboptimal creep resistance due to the presence of methyl groups on its main chain, leading to irregular
chain segment distribution, diminished inter-chain interaction, and crystallinity. This structural feature causes chain slippage in PP under stress,
significantly constraining its service lifetime. In this study, thermally reduced graphene oxide (TrGO) nanosheets were incorporated into the PP
matrix, yielding a nanocomposite with exceptional creep resistance performance. Results demonstrated that at a stress of 25 MPa, a 2.0 wt% Tr-
GO content could enhance the creep failure lifetime of PP by 21.5 times compared to neat PP. Rheology, transmission electron microscopy (TEM),
and scanning electron microscopy (SEM) characterization techniques were employed to analyze the mechanism of TrGO's influence on PP's creep
behavior. It was observed that when TrGO content exceeded 1.0 wt%, an effective particle network structure formed within the PP matrix. This
homogeneously dispersed TrGO-formed particle network structure restricted the migration and rearrangement of PP molecular chains, enabling
prolonged stress resistance without structural failure. By combining the time-strain superposition method with the critical failure strain as a crite-
rion, generalized creep compliance curves for PP and its composites were established, facilitating the prediction of material creep failure life-
times, with a strong agreement between experimental and predicted lifetime values. This research proposes a novel strategy aimed at develop-
ing polypropylene materials and products with enhanced long-term stability and durability, thus extending service life, reducing failure risk, and
broadening their potential across various application domains.
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INTRODUCTION

Polypropylene (PP), as one of the five primary general plastics, is
extensively used in various applications, including packaging,
automotive components, construction materials, electronic de-
vices, and textiles as structural components and base
materials.l"? The mechanical stability of PP is of paramount im-
portance due to its structural function in most applications. Fac-
tors that often determine its service lifetime include the materi-
al's creep and fatigue resistance (anti-fracture performance) un-
der cyclic or constant loading conditions. However, PP, a ther-
moplastic non-polar material, exhibits relatively low creep resis-
tance and suboptimal dimensional stability. This is attributed to
the presence of methyl groups in the main chain, which dimin-
ish the regularity of its molecular chains, resulting in weaker in-
termolecular forces and reduced crystallinity.®) Consequently,
addressing the issue of low creep resistance is essential for not
only broadening the range of applications of PP, but also for ex-
tending the service lifetime of PP products. As such, research in-
to enhancing the creep resistance of polypropylene is of great
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significance and has practical implications in various industries.
Graphene, a novel carbon material, features a unique two-
dimensional honeycomb lattice structure composed of close-
ly packed single-layer carbon atoms./! Owing to its outstand-
ing mechanical, thermal, and electrical properties, graphene
has emerged as a focal point of research in various fields such
as new nanomaterials, electronics, and electrical appliances in
recent years.5-8 The modulus of single-layer graphene can
reach an impressive 1 TPa.”! Studies on PP/graphene com-
posites reveal that incorporating even a small amount of
graphene significantly enhances mechanical properties, in-
cluding tensile strength, flexural strength, and Young's modu-
lus.['0-121 Zandiatashbar et al. showed that,['3! under elevated
temperatures and stress, the creep behavior of epoxy resins
can be substantially inhibited with 0.1 wt% graphene con-
tent, outperforming single-walled carbon nanotubes (SWNTs)
and multi-walled carbon nanotubes (MWNTs). Tang et al. in-
vestigated the impact of carbon materials with three distinct
dimensional structures on the creep behavior of polystyrene
(PS).4151 They found that, compared to three-dimensional
carbon black (CB) and one-dimensional carbon nanotubes
(CNT), graphene's two-dimensional layered structure more ef-
fectively restricts the mobility of polymer molecular chains
when subjected to external forces. This constraint limits
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molecular chain migration and rearrangement, thereby con-
siderably suppressing the creep behavior of PS. By incorporat-
ing hydrothermally reduced graphene oxide (RGO) into the
PP matrix, the creep resistance and recoverability of PP/RGO
composites can be improved at high temperatures.['8l These
findings demonstrated the vast potential of graphene in en-
hancing the creep resistance of polymer materials, opening
up new avenues for the development of advanced compos-
ites with superior mechanical performance, durability and
wider application possibilities across a range of industries.

Furthermore, the accelerated creep lifetime prediction for
polymer materials holds significant implications, which is cru-
cial for ensuring product safety during actual use, mitigating
the risks associated with material creep-induced damage or
failure. It has been observed that the transition from sec-
ondary to tertiary creep in PP consistently occurs at a con-
stant strain (critical failure strain, €.) across various stress lev-
els.7.181 In our previous research, we utilized a combined
time-strain superposition method['9-2" to characterize and
predict the creep behavior and failure lifetime of PP/clay
nanocomposites.3! The results demonstrated that employing
the critical failure strain as a criterion enables the extraction of
the lifetime description equation for composite materials
through accelerated creep tests under high-stress conditions.
This approach facilitates the prediction of creep failure life-
times under low-stress conditions, offering a convenient and
efficient method for rapidly predicting the nonlinear creep
failure lifetimes of polymer materials.

In this work, we first prepared graphene using a thermal re-
duction method.?2l Compared to alternative preparation
techniques, thermally reduced graphene oxide (TrGO) has
gained extensive acceptance due to its cost-effective, rapid
processing, and high reduction efficiency. Subsequently, we
employed a two-step melt blending approach to fabricate
PP/TrGO nanocomposites with uniform dispersion in the PP
matrix. Our findings reveal that under a stress of 25 MPa, the
creep failure lifetime of PP incorporating 2.0 wt% TrGO can be
improved by 21.5 times compared to neat PP. It is postulated
that when TrGO content surpasses 1.0 wt%, an effective parti-
cle network structure forms within the PP matrix. This homo-
geneously dispersed TrGO nanosheets network structure hin-
ders the migration and rearrangement of PP molecular
chains, enabling the composite to withstand prolonged stress
without experiencing structural failure. By adopting the criti-
cal failure strain as a criterion, and coupling it with the time-
strain superposition method, we established the generalized
curves of creep compliance for PP and its nanocomposites,
enabling the prediction of their creep failure lifetimes. The ex-
perimental results exhibited strong agreement with the pre-
dicted values, successfully predicting the creep failure life-
time for this composite material system. This approach offers
a new perspective for developing long-lasting, durable
polypropylene materials and products and allows for rapid
evaluation of their service lifetimes.

EXPERIMENTAL

Materials

Natural graphite (NG) with a particle size of <30 um and purity
of 299.85% was obtained from Shanghai National Pharmaceuti-
cal Chemical Company. Isotactic polypropylene (iPP, T30s) was

sourced from Dushanzi Petrochemical Company, which fea-
tures a melt flow rate (MFR) of 2.9 g/10min, a weight-average
molecular weight of 39.9x10* g-mol™’, and a ratio of weight-av-
erage molecular weight to number-average molecular weight of
4.6. Solvents and reagents used in the experiments, including
98% concentrated sulfuric acid, 36% concentrated hydrochloric
acid, potassium permanganate, sodium nitrate, 30% hydrogen
peroxide, and tetrahydrofuran, were produced by Chengdu Ke-
long Chemical Reagent, China.

Preparation of TrGO and PP/TrGO Nanocomposites
Graphene oxide (GO) was prepared using an improved Hum-
mers method,!”®! and then thermally reduced graphene oxide
(TrGO) was produced through a thermal reduction process.??
Although previous studies have reported that adding compati-
bilizers?? or modifying the graphene surfacel'''%?! can en-
hance compatibility between non-polar PP and graphene, lead-
ing to more uniformly dispersed graphene in polymer matrix,
these approaches often introduce complexity to the research
system. To enhance the dispersion of TrGO within the PP matrix,
we initially prepared a pre-mixture of PP granules coated with
TrGO. The process involved adding TrGO to 70 mL of tetrahy-
drofuran and ultrasonically treating the mixture at 800 W power
for 20 min, resulting in pre-exfoliated and dispersed TrGO dis-
persion. Subsequently, PP powder was incorporated into the
dispersion, and the solvent was evaporated at 75 °C. After com-
plete evaporation, the pre-mixture was dried in a 60 °C vacuum
oven for 48 h to remove residual solvent, yielding PP/TrGO pre-
mixtures containing 0.5 wt%, 1.0 wt% and 2.0 wt% TrGO. Using
a torque rheometer (XSS-300), the pre-mixtures were melt-
blended for 10 mins to obtain PP/TrGO nanocomposites, desig-
nated as PP-0.5, PP-1.0, and PP-2.0. The blending conditions
were set at a speed of 50 rpm and a temperature of 180 °C. Neat
PP was also obtained using the same preparation method for
comparison purposes. Finally, the samples were vacuum-mold-
ed into sheets measuring 12 mm x 12 mm x 0.5 mm, which
were used for subsequent dynamic mechanical thermal analysis,
tensile and creep testing.

Mechanical Properties Tests

We utilized a micro-tensile testing machine (TST 350, Linkam
Scientific Instruments, 200 N force sensor, 0.01 N resolution) to
conduct uniaxial tensile and creep experiments on the samples.
The temperature for both tensile and creep tests was set at 30
°C. Prior to each tensile and creep test, the samples were equili-
brated for 15 min at 30 °C to ensure a stable thermal equilibri-
um state during testing. The tensile specimens were dumbbell-
shaped, with a gauge length of 20 mm and a width of 2 mm.
The uniaxial tensile tests were carried out at a strain rate of 100
um/s. For the creep tests, we employed the same stress levels
instead of the same yield stress percentages to ensure experi-
mental consistency.?6-28!

Characterization

The dispersion of TrGO in the PP matrix was investigated using
scanning electron microscopy (SEM) with an FEI Inspect F50 in-
strument (USA). The samples analyzed were PP-2.0 composite
sheets. To observe the dispersion and exfoliation state of TrGO
within the polypropylene matrix, transmission electron mi-
croscopy (TEM) was employed. The test samples were cryo-ul-
trathin sections of the PP-2.0 sheets, and the testing was per-
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formed using an FEI Tecnai F20 instrument (USA) at room tem-
perature with an acceleration voltage of 20 kV. Rheological tests
were conducted using a strain-controlled rheometer (ARES, TA
Instruments, USA) fitted with a 25 mm parallel plate. A dynamic
frequency sweep mode was used at 1% strain and a tempera-
ture of 190 °C. Differential scanning calorimetry (DSC, Q20, TA
Instruments, USA) was utilized to characterize the crystallization
behavior of the samples. Approximately 5-10 mg of each sam-
ple was heated from 30 °C to 200 °C at a rate of 10 °C/min, held
at 200 °C for 3 min and subsequently cooled to 80 °C at the
same rate. The crystallinity (X.) of the PP samples was deter-
mined using the following Eq. (1):

X = L (1)

(Fx AHZ) x 100%

where AH,,, represents the melting enthalpy of PP, AH?n corre-
sponds to the melting enthalpy of fully crystalline PP (206 J/g,
referred to Ref. [29]), and F denotes the content of PP in the
sample. The crystallinity was calculated using the melting curve,
which has a strong correlation with the mechanical properties
of the samples. Dynamic mechanical thermal analysis (DMTA,
Q800, TA Instruments, USA) in bending mode was employed to
analyze the dynamic mechanical properties of PP and its com-
posites. Measurements were taken over a temperature range of
—40 °C to 100 °C, with a heating rate of 3 °C/min and a deforma-
tion amplitude of T mm.

RESULTS AND DISCUSSION

Dispersion of TrGO in PP Matrix

Fig. 1 presents the SEM and TEM images of the nanocomposite
material containing 2.0 wt% TrGO. The SEM images reveal that
TrGO exhibits some aggregations within the PP matrix, forming
small clusters (indicated by yellow arrows). This is attributed to
the poor compatibility between TrGO and the non-polar PP ma-
trix.B% We further investigated the exfoliation and dispersion of
TrGO using TEM. As depicted in Fig. 1(b), a majority of the TrGO
layers were exfoliated into single or few-layer structures and dis-
persed in a curled configuration within the PP matrix. Thus, the
microscopic characterization results suggest that TrGO is pre-
dominantly exfoliated into single layers in the PP matrix, albeit
with some aggregation present. Considering the low content of
TrGO and the significant correlation between the storage mod-
ulus (G') of polymer materials and the dispersion of fillers in the
polymer matrix during dynamic frequency sweeps in rheologi-
cal tests,®"! we conducted rheological tests on the PP/TrGO
nanocomposites to further examine the dispersion and exfolia-
tion state of TrGO in PP matrix. Fig. 1(c) displays the variation of
G'with angular frequency (w) for PP and its composites. It is evi-
dent that as the TrGO content increases, the G' of the compos-
ites also rises. When the TrGO content exceeds 1.0 wt%, an elas-
tic modulus plateau emerges in the low-frequency region, sug-
gesting the formation of an effective TrGO particle network
structure in PP matrix. With a further increase in TrGO content,
the elastic modulus plateau region becomes more pronounced,
indicating enhanced dispersion of TrGO in PP and the forma-
tion of a more robust network structure.>33 The SEM, TEM and
rheological test results demonstrate that despite the presence
of small aggregations, most TrGO layers are exfoliated into sin-
gle or few-layer structures and uniformly dispersed within the

PP matrix, forming particle network structures at higher concen-
trations.

Fig. 2(a) exhibits the enthalpy changes curves during the
DSC heating process for neat PP and its nanocomposites. The
calculated crystallinities for neat PP, PP-0.5, PP-1.0 and PP-2.0
nanocomposites are 40.7%, 40.9%, 41.5% and 41.4%, respec-
tively. The incorporation of TrGO at higher concentrations re-
sults in a minor increase in the crystallinity of the nanocom-
posites, which is likely due to the heterogeneous nucleation
effect triggered by the addition of TrGO, consequently caus-
ing a slight increase in the crystallization rate and crystallinity
of PP.34 Additionally, we employed dynamic mechanical
property analysis to explore the temperature dependence of
the loss factor for PP and its composites, as depicted in Fig.
2(b). The glass transition temperatures (T, obtained from the
peak values) for neat PP, PP-0.5, PP-1.0 and PP-2.0 compos-
ites are 21.5, 21, 20.5 and 20.4 °C, respectively. As the TrGO
content increases, the T exhibits a slight reduction. This phe-
nomenon may be attributed to the van der Waals forces,
which govern both the intermolecular forces among PP
molecular chains and the forces between PP molecular chains
and TrGO. These forces do not hinder the mobility of PP chain
segments. In TrGO aggregation regions, the distance be-
tween PP molecular chains expands, resulting in a decrease in
intermolecular forces and causing the glass transition tem-
perature to shift towards lower values.3!

Tensile Creep Behavior of PP/TrGO Nanocomposites
The mechanical property of PP and its nanocomposites at 30 °C
were evaluated using uniaxial tensile tests, with the tensile
modulus (£,) and yield stress (o) for each sample presented in
Table 1. It can be observed that the incorporation of 0.5 wt% Tr-
GO increases the tensile modulus of PP from 1264 MPa to 1394
MPa. As the TrGO content increases, the tensile modulus of the
nanocomposites continues to improve, with the PP-2.0
nanocomposite exhibiting a tensile modulus of 1640 MPa. Si-
multaneously, the nanocomposites' tensile strength exhibits a
minor enhancement. The uniaxial tensile test results indicate
that the incorporation of TrGO yields a reinforcing effect. This
enhancement can be attributed to the specific surface area ef-
fect of the TrGO nanosheets, which facilitates interaction with
multiple PP molecular chains, transferring more load and pro-
moting uniform stress distribution throughout the material.'"!
Meanwhile, the rigidity of the TrGO nanosheets hinders the slip-
page and rearrangement of the PP molecular chains, thereby el-
evating the tensile modulus and yield stress.*®!

Furthermore, we investigated the creep behavior of PP and
its nanocomposites at 30 °C under different stress levels as
depicted in Fig. 3. Creep experiments were conducted at
stress levels below 70% of the composite's yield stress,B!
specifically at 22, 23, 24 and 25 MPa, to study the influence of
TrGO on the creep behavior of PP. Typically, the creep behav-
ior of polymer materials comprises four deformation regions:
instantaneous deformation, primary creep where the creep
rate gradually decreases, secondary creep where the creep
rate remains constant, and tertiary creep where the creep rate
rapidly increases, leading to creep failure. The critical failure
strain, &, is defined as the last point of the constant strain
rate in the secondary creep stage, as shown by the dashed
line in Fig. 3. The corresponding time for &, represents the
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Fig. 1 (a) SEM images of the fractured surfaces of PP/TrGO (2 wt%) nanocomposite; (b) TEM image of the fractured surfaces of PP/TrGO
(2 wt%) nanocomposite; (c) Storage modulus (G) as a function of frequency (w) for neat PP and PP/TrGO nanocomposites filled with

different loadings of TrGO at strain of 1% and temperature of 190 °C.
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Fig.2 (a) DSC melting curves for PP and its nanocomposites; (b) Loss factor as a function of temperature for PP and its nanocomposites.

Table1 The mechanical property of PP and its nanocomposites.

Mechanical property (MPa) Neat PP PP-0.5 PP-1.0 PP-2.0
Ey 1264+115 13944102 1439462 1640+75
[ 30.4+1.8 32.3+2.1 32.7+1.9 32.3+1.9

*Ey is the Young’s modulus and oy is the yield stress.

creep failure lifetime.37) The results indicate that, for a given creases.

sample, the critical failure strain, &, is independent of the ap- Fig. 4 illustrates the creep curves of PP and its nanocom-
plied stress magnitude, consistent with previous findings.3:17] posites under identical stress conditions. As depicted in Fig. 4,
Additionally, as the stress increases, the creep rate acceler- TrGO primarily reduces the secondary creep rate, with the ef-
ates rapidly, and the creep failure lifetime significantly de- fect becoming more pronounced as the TrGO content in-
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creases, suggesting that the addition of TrGO notably pro-
longs the creep deformation time for PP, signifying that the
incorporation of TrGO enhances the creep resistance of the
PP. One possible explanation for this phenomenon is that the
layered structure of TrGO contributes to a more uniform load
distribution, thereby minimizing the stress exerted on the
molecular chains and consequently decelerating the creep
rate of the composite material. Another reason to consider is
the slight increase in crystallinity observed in PP/TrGO com-
posites, which aids in restricting the motion of PP molecular
chains and further improving the material's creep
resistance.381 Moreover, the inclusion of TrGO decreases the
critical failure strain of the composite material, which is prob-
ably attributed to TrGO functioning as physical entangle-
ment points. It limits the deformation freedom of PP molecu-
lar chains, leading to structural failure when the material ex-
periences larger deformations.

We compared the creep failure lifetime of the PP-2.0 sam-
ple with that of neat PP, as presented in Table 2. It is evident
that with increasing stress, the creep rates of all samples rise
sharply, leading to a significant reduction in creep failure life-
times. This stress-induced acceleration of creep deformation
causes a decrease in the material's creep failure lifetime. The
underlying reason is that, under high-stress conditions, the
energy barrier for segmental motion of molecular chains di-
minishes.l3% For PP/TrGO nanocomposites, the incorporation
of TrGO notably prolongs the creep failure lifetime of PP. For
instance, at a stress of 22 MPa, the creep failure lifetime of the
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Tensile creep strain as a function of time under 22, 23, 24 and 25 MPa for neat PP, PP-0.5, PP-1.0 and PP-2.0 nanocomposites.

PP-2.0 sample extends to 12232 s, which is 12.8 times longer
than that of pristine PP (958 s). This finding suggests that the
addition of TrGO substantially enhances the PP's creep failure
lifetime. This improvement can be attributed to the restrain-
ing effect of TrGO on the mobility of PP molecular chains, ren-
dering the migration and rearrangement of PP molecular
chains more challenging. The enhancing effect is more promi-
nent under high-stress conditions; for example, at a stress of
25 MPa, the creep failure lifetime of the PP-2.0 composite is
25.2 times greater than that of pristine PP. This behavior is
likely due to the fact that under low-stress levels, molecular
chains undergo only local slippage, and their segmental mo-
tion capability is partially constrained. In contrast, under high-
stress levels, the extension and slippage of molecular chains
become more pronounced due to stress activation, resulting
in a more evident restriction on the molecular chains. Conse-
quently, the reinforcing effect of TrGO on the PP's creep fail-
ure lifetime becomes more significant under high-stress con-
ditions.

According to the creep test results, we found that the in-
corporation of TrGO remarkably suppresses the creep defor-
mation of PP while enhancing their creep failure lifetime. To
gain deeper insights into the mechanism underlying the im-
provement of PP’ creep resistance due to TrGO, we propose a
potential reinforcement mechanism as illustrated in Fig. 5.
When the PP/TrGO nanocomposite is subjected to stress, the
TrGO layers can effectively distribute the load uniformly. This
load-sharing capability reduces the stress experienced by the
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Fig. 4 Creep strain as a function of time for four samples under 22, 23, 24 and 25 MPa. The horizontal bars indicate the transition from

secondary creep to tertiary creep.

Table2 Creep lifetime of four samples under the same stress.

Creep lifetime (s)

Sress (MPa)
Neat PP PP-0.5 PP-1.0 PP-2.0 Ratio
25 165 483 999 4165 25.2
24 433 855 3023 7063 16.3
23 750 1511 3897 9661 12.9
22 958 2795 7178 12232 12.8

molecular chains, subsequently decreasing the rate of molec-
ular chain rearrangement and migration, and ultimately de-
laying the creep deformation of the material. Furthermore,
our rheological tests reveal that when the TrGO content sur-
passes 1.0 wt%, the TrGO nanosheets form a physical linked
particle network structure within the PP matrix. This network
structure results in a more pronounced constraining effect on
the molecular chains, which in turn leads to a further en-
hancement of the PP's creep resistance properties. Conse-
quently, the creep failure lifetime of the PP/TrGO nanocom-
posite material witnesses a significant increase. The presence
of this particle network structure plays a crucial role in the ob-
served improvement of the nanocomposite's creep perfor-
mance. It not only helps to uniformly distribute the applied
stress among the molecular chains but also facilitates effec-
tive load transfer between the TrGO layers and the PP matrix.
This synergistic effect between the TrGO layers and the PP
matrix contributes to the remarkable enhancement of the

creep resistance and the overall mechanical properties of the
nanocomposite material, making it a promising candidate for
various applications requiring superior creep resistance and
durability.

Prediction of Creep Lifetime of PP/TrGO
Nanocomposites

The time-strain superposition method serves as an efficient
technique for predicting the time-dependent viscoelastic prop-
erties of polymers, polymer blends, and polymer composites
under a variety of stress levels.*”) By employing this approach, a
generalized compliance curve, characterized by a relatively sim-
ple power law, is derived from compliance curves obtained at
different stress levels. This allows for the extrapolation of time-
dependent creep compliances at lower stresses from the gener-
alized compliance curve, leading to considerable time savings.
Although this method has proven effective in describing the
time-dependent compliance of materials under multiple stress
levels, its application to the lifetime prediction of polymeric ma-
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Fig.5 The possible mechanism on the enhancement of creep lifetimes of PP/TrGO nanocomposites.

terials under creep has been limited due to the absence of a
suitable failure criterion. The critical failure strain presents itself
as a fitting criterion. Utilizing this criterion, we have successfully
predicted the creep failure lifetime of PP/clay nanocomposites
under low-stress conditions by analyzing their creep failure life-
time at high-stress conditions.”! As a result, this model holds
promise for predicting the creep failure lifetime of PP/TrGO
nanocomposite systems, further expanding its potential appli-
cations.

The time-strain superposition method is based on acceler-
ated creep experimental data at higher stress levels, aiming to
construct a universal creep compliance master curve to de-
scribe the time-dependent viscoelastic behavior of polymer
materials. Creep compliance, D(t), is defined as the ratio of
strain (g) to stress level (0). Fig. 6 illustrates the time-depen-
dent evolution of creep compliance for PP and its composites
under various stress levels. As observed, creep compliance
consistently increases with higher stress levels, suggesting
that PP and its nanocomposites demonstrate typical nonlin-
ear viscoelastic behavior within the investigated stress range.

The creep behavior of materials can be described by the
power law, as follows:

logD(t*, 0) = logC" (6) + n*log(t") )
where C and n* are parameters related to t', and t" is the inter-
nal time used to describe the instantaneous delay rate change
conversion. When materials are subjected to stress, the increase
in strain can cause changes in the free volume, resulting in the
stretched creep exhibiting nonlinear characteristics.*! There-
fore, unlike the real time t, t* represents the internal time in the
hypothetical reference state. The acceleration factor logag(t)
between the internal time t" and the real time t can be calculat-
ed using the following equation:!

logt™ = logt — loga,(t) =

[(1 = 2v)Me(t)/(fy + ar(T - Ty))] (3)
[(1 = 2v)Me(t) + (fy + ar(T - Tg) )]
where B is a material constant, typically assigned a value of 1; vis
the Poisson's ratio, with a value of 0.4; M is the strain amplifica-
tion factor, defined as the ratio of real strain (microscopic strain)
to measured strain (macroscopic strain), and is related to the
crystallinity of the composite material. Based on the crystallinity
values obtained from DSC tests of PP and its composites, the
calculated M values for PP, PP-0.5, PP-1.0, and PP-2.0 samples
are 1.5, 1.5, 1.51, and 1.51, respectively; f is the free volume frac-
tion in the reference state, with a value of 0.025; T is the temper-

logt + (B/2.303)
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Fig.6 Creep compliance as a function of time under the stresses of 23, 24 and 25 MPa for PP and it nanocomposites.

ature (absolute temperature, K) used for the creep experiment;
a7 is the thermal expansion coefficient (K™'), with a value of
3.3x1074K™; T, is the glass transition temperature of the materi-
al, obtained from DMA testing; and & (t) is the time-dependent
strain.

After applying the time acceleration factor conversion, we
obtained the double logarithmic generalized curves for creep
compliance and internal time of the PP and its nanocompos-
ites under stress of 23, 24 and 25 MPa, as illustrated in Fig. 7.
When plotting the creep curves as logarithmic graphs with re-
spect to the internal conversion time t*, the creep compliance
curves for PP and its nanocomposites under various stress lev-
els align on a single line. This observation signifies the effec-
tiveness of the time-strain superposition model in characteriz-
ing the creep behavior of PP and its nanocomposites. By per-
forming linear regression on the compliance generalized
curves of the materials under different stress levels, we de-
rived the generalized curve parameters C* and n", with the
corresponding data presented in Table 3. The C' and n* val-
ues, obtained from linear regression, exhibit minimal sensitiv-
ity to stress and display only minor fluctuations, which con-
firms the satisfactory superposition effect of the model. Sub-
sequently, we calculated the average values of C* and n" un-
der different stress conditions to establish the power law
equation for creep compliance and internal conversion time.
This equation served as the foundation for predicting the
creep failure lifetimes of various polymer materials under low-

stress conditions.

Based on the creep tests, we determined the critical failure
strain for PP and its nanocomposites. Dividing the critical fail-
ure strain by the corresponding applied stress yielded the
critical failure compliance (D) under different stress condi-
tions. For neat PP, PP-0.5, PP-1.0 and PP-2.0 composites sub-
jected to a 22 MPa stress, the calculated D, values were
3.773, 3.364, 3.318 and 3.091, respectively. Combining the
aforementioned relationship between creep compliance and
internal conversion time t*, we calculated the internal conver-
sion time at the critical failure compliance. Subsequently, we
determined the required time for critical failure to occur by
applying the relationship between real time t and internal
conversion time t*, as presented in Eq. (3), which enabled the
prediction of the materials' creep failure lifetimes. Employing
the critical failure compliance as the criterion, we predicted
the creep lifetimes of PP and its composites under various
stress conditions using the established time-strain superposi-
tion model. The comparison between the predicted and ex-
perimental values is depicted in Fig. 8, which demonstrates a
reasonably good agreement between the predicted creep
failure lifetimes and experimental values. The experimental
creep failure lifetimes of PP-0.5, PP-1.0, and PP-2.0 compos-
ites under a stress of 22 MPa were 2609, 7957 and 16285 s, re-
spectively, while the predicted values were 2795, 7178 and
12232 s. With the maximum deviation of approximately 30%,
the results indicate that we can predict the creep failure life-
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Fig. 7 The generalized curves of creep compliance as a function of internal time under the stresses of 23, 24 and 25 MPa for PP and its

nanocomposites.

Table3 Values of the parameters of C and n” fitted from the generalized curves.

Specimen Stress (MPa) log(C") n' R?
Neat PP 25 —0.4449 0.1025 0.9995
24 —0.4345 0.0998 0.9992
23 -0.4214 0.0991 0.9985

Average - —0.4336 0.1005 -
PP-0.5 25 -0.3977 0.0906 0.9999
24 —-0.3956 0.0896 0.9994
23 -0.3787 0.0875 0.9985

Average - —-0.3907 0.0892 -
PP-1.0 25 -0.4234 0.0905 0.9998
24 -0.3792 0.0822 0.9988
23 -0.3743 0.0823 0.998

Average - -0.3923 0.085 -
PP-2.0 25 —-0.41888 0.0831 0.9992
24 —-0.38161 0.0799 0.9994
23 -0.371 0.0804 0.9992

Average - —0.3903 0.0811 -

times of PP/TrGO nanocomposites under low-stress condi-
tions through high-stress creep failure tests, saving signifi-
cant testing time for the rapid assessment of their lifetimes in
real service conditions.

CONCLUSIONS

Through SEM, TEM and rheological characterization tests, it was
demonstrated that effective particles network structures formed

within the PP matrix when the TrGO content exceeded 1.0 wt%.
This led to a significant enhancement in the creep resistance of
PP/TrGO nanocomposites. For instance, the creep failure life-
time of PP-2.0 composites under a 25 MPa stress increased by
21.5 times compared to neat PP. This improvement can be at-
tributed to the TrGO layers acting as physical linking points,
which evenly distribute the load and restrict the migration and
rearrangement of molecular chains, thus enabling the material
to withstand prolonged stress without structural failure. By em-
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ploying the critical failure strain as a criterion and utilizing the
time-strain superposition method, the generalized curves of
creep compliance for PP and its nanocomposites was estab-
lished. This allowed for the prediction of their creep failure life-
times, with the experimental and predicted values showing
minimal fluctuations. The results confirm the applicability of this
predictive model to the PP/TrGO nanocomposite system, em-
phasizing the significance of the findings for understanding the
creep behavior of these materials and facilitating the evaluation
of their service life. Furthermore, these findings show the poten-
tial to impact various industries, including automotive,
aerospace and construction, where materials with enhanced
creep resistance are highly desirable. By understanding the im-
pact of TrGO content on the creep performance of PP compos-
ites, it is possible to optimize material selection and processing,
ultimately leading to the development of more durable and effi-
cient materials for various applications.
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