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Abstract The thermomechanical response of semicrystalline polypropylene (PP) depends not only on tem-
perature and loading conditions, but also on its prior thermal state. While structural changes, such as post-
crystallization and physical aging, induced by annealing treatments are well documented, their combined influ-
ence on thermal expansion, thermomechanical viscoelastic response, and crystalline fraction under service-
relevant conditions in an automotive context remains inadequately quantified. In this study, unconditioned and
thermally preconditioned unfilled and talc-filled PP were investigated by dilatometry, dynamic mechanical
analysis, and differential scanning calorimetry over temperature and frequency ranges that are representa-
tive of service-relevant conditions. Thermal preconditioning resulted in a modification of the temperature-
dependent coefficient of thermal expansion, as well as alterations in stiffness and damping levels. However,
the glass transition temperature and the high-temperature «*-relaxation remained predominantly unaltered.
These alterations occurred in conjunction with an increase in the crystalline fraction, indicating a modified
structural condition subsequent to thermal treatment. The talc-filled grades exhibited a lower overall level of
thermal expansion, higher stiffness and crystallinity, and an effect on the high-temperature relaxation associ-
ated with the crystalline phase, without influencing the glass transition temperature. The findings demonstrate
that thermal history modifies the structural state of polypropylene (PP) and is accompanied by changes in
thermal expansion and dynamic viscoelastic response in both filled and unfilled systems. This is essential for
constrained automotive exterior assemblies, which require dimensional stability and tolerance retention.
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1 Introduction

Talc-filled polypropylene Plastics have become an integral component of modern vehicles, a development
largely attributable to their exceptional properties [1,2]. Their low weight renders them ideal for lightweight
construction, while their cost efficiency, attributable to reduced material usage and lower manufacturing and
tooling expenses in injection molding, further enhances their appeal. Additionally, their high design flexibility
enables the production of complex geometries, which is essential in many automotive applications. As Miller
et al. [3] point out, sustainability is very important. Polypropylene (PP) is of particular relevance in this regard
due to its recyclability, which offers significant benefits.

In addition, polymeric matrix materials are frequently reinforced with fillers, such as nanoparticles or
minerals, with the objective of enhancing their mechanical and thermal properties while preserving stable
process conditions. Furthermore, the impact on cost and processing parameters is negligible. Consequently,
mineral- or nanoparticle-filled PP has become widely used in the automotive industry as an attractive alternative
to fiber-reinforced PP, since fibers are comparatively more expensive, both as raw materials and in processing
[4].

In the context of automotive exterior applications, the investigated PP grades are predominantly utilized
in functional and semi-structural components, where the performance is governed by factors such as dimen-
sional stability and vibration durability. For instance, PP without talc-filler is commonly used for ducting and
air-guiding parts that are assembled in a constrained manner and therefore rely on sufficient elastic compli-
ance. Conversely, talc-filled PP is extensively utilized in front and rear bumper fascia, and headlamp housings,
where higher stiffness, reduced shrinkage, and lower warpage are imperative. These components are, as such,
typically evaluated using coupled thermal and vibrational loading in climate—vibration durability protocols
employed during the development of automotive technologies. Such evaluations generally encompass temper-
atures ranging from —40 °C to 100 °C and excitation frequencies spanning from a few to 100 Hz.

Accordingly, these conditions affect the thermal, mechanical, and viscoelastic properties of talc-reinforced
PP, which have so far not been sufficiently examined experimentally in the automotive context.

Mechanical properties of talc-filled polypropylene The addition of talc can improve the mechanical properties
and thermal stability of PP [5,6]. In most cases, the stiffness increases, whereas the incorporation of specific
hybrid nanoparticles may even reduce the strength [5]. A similar conclusion was drawn by Lapcik et al. [7], who
conducted mechanical tests on talc-free and talc-reinforced PP. Lapcik et al. [7] reported that the addition of talc
increases strength, including tensile and flexural strength, while simultaneously reducing impact toughness,
leading to increased brittleness of the talc—-PP composite.

The properties of PP are also influenced by its semicrystalline structure, which varies with temperature and
environmental conditions. Li et al. [8] explicitly reported that an increasing degree of crystallinity leads, for
example, to a higher Young’s modulus. The manufacturing process has the strongest influence on the degree
of crystallinity. For example, both Zuidema et al. [9] and Hu et al. [10] experimentally demonstrated that
higher cooling rates lead to significantly fewer crystalline regions, since these regions lack sufficient time
to form. As a result, PP remains in a structurally non-equilibrated state. As stated by Gaspar-Cunha et al.
[11], the cooling stage often accounts for 50-80 % of the total cycle time. This is particularly relevant in the
automotive industry, where high production volumes demand high-speed processing, which in turn is typically
associated with elevated cooling rates. Other processing parameters may also affect the degree of crystallinity.
For instance, the mold temperature can exert a significant influence on the outcome, potentially resulting in a
structurally non-equilibrated state of PP, as evidenced by [12]. This state, which has not fully relaxed toward
structural equilibrium, gives rise to so-called post-crystallization effects [13]. According to Gahleitner et al.
[13], these physical aging effects are more pronounced for polymers with a high amorphous fraction. However,
Kosciuszko et al. [12] also showed that annealing the samples aligns the physical properties regardless of the
processing parameters applied during injection molding [12]. Talc also influences the degree of crystallinity.
As demonstrated by Velasco et al. [14-16], talc particles act as nucleating agents in PP, thereby promoting
faster crystallization and consequently leading to a higher final crystallinity.

Experimental characterization by dilatometry, dynamic mechanical analysis, and calorimetry Thermal
expansion can induce internal stresses when constrained, which may result in warpage or shrinkage. This, in
turn, can lead to tolerance deviations and surface defects such as sink marks. These effects are undesirable
for both functional and aesthetic reasons and should be minimized as far as possible. However, there is a lack
of studies in the literature that have investigated how the thermal expansion and the coefficients of thermal
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expansion (CTE) of unfilled and talc-filled PP vary with temperature. The existing literature of research,
which encompasses a considerably more limited temperature range, suggests that the incorporation of talc into
PP typically results in a substantial reduction in the CTE [17-19]. Additionally, there is limited knowledge
regarding the behavior of PP in a structurally non-equilibrated state and the effect of post-crystallization on
its thermal expansion.

In addition to the thermal expansion, the viscoelastic behavior of PP is of great importance. Consequently,
particular attention should be given to dynamic mechanical analysis (DMA) in the form of temperature-
frequency sweeps, since these allow for a reliable assessment of the material’s time-temperature-dependent
behavior. Generally speaking, DMA facilitates the quantification of material parameters that can be incorpo-
rated into viscoelastic material models. These models find application in crash and structural simulations, as
well as the assessment of the stiffness of polymeric connections, to determine their capacity to prevent failure
or disengagement across service temperatures. In their investigations, Jourdan et al. [20] and Read [21] demon-
strated the complex thermorheological response of pure PP. The two authors discussed in detail the relaxation
and post-crystallization behavior as a function of temperature and frequency. In addition, experimental studies
by Zhou et al. [18] and Bajsi¢ et al. [17] found that the incorporation of fillers into the material resulted
in an enhancement of its stiffness. However, very few studies address the behavior of PP under structurally
non-equilibrated conditions, particularly the influence of post-crystallization and the degree of crystallinity on
its viscoelastic response below the melting temperature, which is highly relevant for durability considerations
in automotive applications.

Furthermore, differential scanning calorimetry (DSC) was employed to quantify the crystalline state of
the PP materials. In semicrystalline polymers, crystallinity is not a fixed material constant but evolves with
thermal history through processes such as post-crystallization and physical aging, which may be induced or
accelerated by annealing treatments. Early work by Pae and Sauer [22] already indicated that thermal precon-
ditioning can alter the degree of crystallinity, and Lima et al. [23] subsequently demonstrated a clear increase
in crystallinity upon annealing. Since the crystalline fraction and the amorphous—crystalline morphology are
known to influence thermal expansion and stiffness, DSC provides essential structural context for interpreting
the dilatometric and DMA results. In addition, talc is known to affect crystallization kinetics and morphol-
ogy, and DSC studies have reported increased crystallinity in talc-filled PP [14-16]. By assessing melting
and crystallization behavior and evaluating the enthalpy of fusion, DSC enables a quantitative comparison
of crystallinity between unconditioned and preconditioned states and between unfilled and talc-filled grades.
This complementary information helps to link macroscopic changes in thermal expansion and damping to
underlying, history-dependent microstructural development.

Outline and originality 'The manuscript first introduces the investigated PP grades (unfilled, 20 wt.% talc, and
40 wt.% talc) and motivates the material selection. Section 2 describes the experimental program and evaluation
procedures for dilatometry (DIL), dynamic mechanical analysis (DMA), and differential scanning calorimetry
(DSC). Section3 presents and discusses the results with respect to the influence of thermal history and talc
reinforcement on thermal expansion, viscoelastic response, and crystallinity, and highlights their relevance for
automotive applications. Finally, the main findings are briefly discussed and summarized in Sect. 4.

The present work provides a consistent experimental characterization of how defined thermal states modify
the temperature-dependent thermomechanical response of semicrystalline PP. The present study evaluates
thermal expansion, viscoelastic mechanical behavior, and crystalline fraction for both unfilled and talc-filled
grades. This joint evaluation enables to identify correlations between structural variations induced by prior
thermal exposure to measurable changes in macroscopic response.

2 Materials and methods
2.1 Polypropylene with and without talc filler

For the experimental investigations, three PP-based materials were selected. The first material, SABIC®-
PP-CX02-81 [24], was sourced from SABIC (Saudi Basic Industries Corporation). It is an unreinforced
semicrystalline PP with UV stabilizer, primarily used in automotive interior applications. The second material,
Hostacom-M2-U02, was obtained from LyondellBasell Industries [25]. This PP-based polymer is reinforced
with 20 wt.% talc and is commonly applied in automotive interiors, air conditioning ducts, and exterior com-
ponents such as front and rear attachments. The third material, Hostacom-M4-U02, also from LyondellBasell



86  Page 4 of 20 Y. Huang et al.

Table 1 Material parameters obtained from published data sheets by the supplier

Material Density (ISO-1183) Tensile modulus (ISO-527)
SABIC®-PP-CX02-81 0.905 g/cm? [24] 1550 MPa [24]
Hostacom-M2-U02 1.040 g/cm? [25] 2600 MPa [25]
Hostacom-M4-U02 1.210 g/cm3 [26] 4000 MPa [26]

Table 2 Test parameters for tests by DIL

Test parameter Value
Temperature range 6 € [—60, 110] °C
Maximum contact force 100 mN
Isothermal hold time 15 min
Temperature rate 2 K/min

Industries [26], is a PP-based polymer reinforced with 40 wt.% talc, offering significantly increased stiffness
and strength. The densities and tensile moduli of the investigated materials are listed in Table 1.

The samples were manufactured by 4a engineering GmbH in Traboch, Austria. To ensure compatibility with
the testing equipment, the geometries were precisely defined. For dilatometric analysis, rectangular samples
were produced with dimensions of 2 mm in thickness, 10 mm in width, and 50 mm in length. For DMA, the
samples measured 2 mm x 10 mm x 83 mm.

All samples were milled from injection molded plates made of the respective materials. Each plate had
dimensions of 2 mm in thickness, 80 mm in width, and 120 mm in length. The longitudinal direction of
each sample corresponds to the flow direction during injection molding. From each plate, three samples were
prepared for dilatometric analysis and three for DMA testing.

Unless otherwise specified, all samples were preconditioned in a climate chamber at 20 °C and 50 %
relative humidity. UV conditioning was not considered, as the materials contain UV stabilizers and, in the case
of automotive exterior applications, are typically coated with paint.

The present study is constrained to the investigated commercial PP grades, which were selected based
on their relevance for automotive applications rather than as a controlled material series with systematically
varied talc content from a single supplier. Consequently, supplier-specific material characteristics may also
contribute to the measured response. Moreover, the analysis did not consider molecular weight and molecular
weight distribution, due to a lack of available data.

2.2 Dilatometry experiments

The dilatometric experiments were conducted using the DIL 402 Expedis® Select device by NETZSCH B.V.
& Co. Holding KG. The system incorporates an electrically operated furnace into which the sample is placed.
The measurements were conducted in a horizontal pushrod configuration. The sample is supported by two
supports within the furnace. A sample end is then positioned against a fixed stop. The opposing end is contacted
by the glass pushrod. In this instance, no clamping of the sample is applied but the sample is free to expand in
the transverse directions, i.e. width and thickness. The pushrod contact force is maintained at a minimal level,
limited to a maximum of 100 mN to ensure only nominal contact. Heating is facilitated by electrical means
within the furnace, whereas the process of cooling is achieved by instreaming liquid nitrogen into the testing
chamber. Furthermore, during the measurement procedure, the chamber is purged with gaseous nitrogen to
prevent oxidation.

The calibration of the testing device is performed by using a certified reference material (fused silica)
to ensure that systematic influences, such as the thermal expansion of the sample holder and pushrod, are
accurately compensated. This reference sample is subjected to the exact same loading conditions as the actual
samples. Dimensional changes are recorded as a function of temperature with high precision, using a contact-
based displacement sensor. This allows for the reliable determination of material properties such as the CTE,
the glass transition temperature, or phase transformations, depending on the material system and temperature
range.
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Table 2 summarizes the experimental settings applied in the dilatometric tests. The selected start and
end temperatures slightly exceed the temperature range typically observed in automotive applications. The
isothermal holding period ensures a uniform temperature distribution within the sample. The recorded data
includes time, temperature, applied force, gas flow rate, and sample elongation. The deformation is evaluated
in terms of engineering strain defined as

L—Lyo AL
Ly Lo’
where AL is the measured displacement of the glass pushrod. The initial length L corresponds to the length
of the sample at the beginning of the isothermal holding phase, specifically after the target start temperature
of —60 °C has been reached. From this point onward, the system starts recording the measurement data.
Based on the recorded data, the CTE can be determined in the postprocessing stage. Since the pushrod
contact force is minimal, the measured deformation is attributed to free thermal expansion. The temperature-

dependent coefficient of thermal expansion is therefore evaluated directly from the derivative of the measured
engineering strain with respect to temperature as

ey

Eeng =

©) d ©) 1 dL(®)
a(0) = —¢€eng(0) = — ————.
do " Lo do
For the numerical evaluation of this derivative, a first-order central difference scheme was employed.
The derivative was not computed at the first and last data points. During the experiment, measurement data
was recorded every 15s. Given a heating rate of 2 K/min, this corresponds to a temperature increment of
approximately 0.5 K between consecutive data points.

2

2.3 Dynamic mechanical analysis experiments

In this study, DMA of the samples is carried out using the GABO Eplexor® 500N testing device by NETZSCH
B.V. & Co. Holding KG. Within a temperature-controlled chamber, the sample is clamped at both ends and
loaded in uniaxial tension mode, accounting for small deformations. The DMA setup involves the application
of a mechanical load to the sample [27], e.g. £(¢). This load consists of a static preload g combined with a
superimposed sinusoidal load of defined amplitude Ae and angular frequency w = 2x f, where f denotes the
excitation frequency listed in Table 3, reading

&(t) = gy + Aesin (wt). 3)

The application of controlled strain enables the measurement of the stress response. Two distinct drive
systems are utilized to generate the static and dynamic loads, respectively. The displacement-controlled spindle
drive imposes the static preload, while the dynamic load is introduced via a force-controlled electromagnetic
shaker. The deformation of the sample is monitored using both an inductive displacement sensor, which tracks
the movement of the upper traverse, and a capacitive displacement sensor, which measures the motion of the
shaker. The material response o (¢) is then characterized by the stress amplitude and the phase shift between
the applied cyclic load and the resulting cyclic stress [28], expressed as

o(t) = ¢ + Ao sin (wt + 8), “4)

where oy is the mean stress and Ao is the stress amplitude. The ratio of stress amplitude to strain amplitude
defines the magnitude of the complex modulus E*, with E* = E’ + i E”, which characterizes the effective
Young’s modulus of the material. Due to the sinusoidal load, the complex modulus comprises an in-phase
component, the storage modulus E’, and an out-of-phase component, the loss modulus E”

E = 2% cos). E" = 2% sin). tans = L (5)
" As ' N ’ E
with the loss factor tan §, where § € [0, r/2]. In materials of a purely elastic nature, the following relationships
hold true: E* = E’, E” = 0, and § = 0. In contrast, a purely viscous material exhibits E* = E”, E’ = 0,
and § = /2.

By subjecting the samples to varying temperature conditions, their thermomechanical behavior can be
assessed. In the case of polymeric materials, the mechanical response is highly sensitive to both temperature
and loading frequency.

The test parameters for the samples used in this study are listed in Table 3.
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Table 3 Test parameters for temperature-frequency tests by DMA

Test parameter Value

Static load g0 =0.1%

Dynamic load Ae =0.05%
Frequency (7 log-spaced points) f €1[0.5,50]Hz
Temperature 6 € [—40, 120]°C
Temperature increment and rate A6 = 5K with 1 K/min
Soak time after reaching target temperature 300 s

2.4 Differential scanning calorimetry experiments

Differential scanning calorimetry (DSC) is a thermoanalytical technique based on the principle of differential
thermal analysis. It is widely used to characterize the thermal behavior of materials. In the context of a DSC
experiment, samples are exposed to systematic heating and cooling cycles. The mass-specific heat flow rate
q(0) is measured as a function of temperature using a differential measurement principle. In the present study,
a Mettler Toledo DSC 1 operated in heat-flux mode was employed. In this configuration, the PP sample and
an inert reference are placed in the same measurement chamber, and the instrument measures the temperature
difference between the sample and reference platforms. Endothermic and exothermic processes, including
melting and crystallization, manifest as deviations in the heat-flow signal. Detailed theoretical derivations can
be found in the works of Wunderlich [29], Hohne et al. [30], and Ehrenstein et al. [31].

By employing the mass-specific melting enthalpy Ahy,, which effectively represents the heat required to
melt the polymer, the degree of crystallinity of the semicrystalline PP can be determined by

_ Ahn

e = i + 100% (6)

with Ah},?o denoting the mass-specific melting enthalpy of a fully crystalline PP [29]. For the talc-filled
Hostacom grades, the measured melting enthalpy was therefore normalized to the effective PP mass, mpp =
wpp m, with wpp given by 0.8 for 20wt% talc, and 0.6 for 40 wt% talc. Thereby, Ahy, and x. refer to the
polymer phase rather than the total sample mass. In the present study, Ahrlr?o = 170 J/g is used according to
Lanyi et al. [32].

The DSC measurements were conducted over a temperature range of 8 € [—80, 250]°C at a constant
temperature rate of 10 K/min, consistent with ISO 11357-1 [33].

3 Results
3.1 Dilatometry experiments
3.1.1 Coefficients of thermal expansion results

Samples extracted from the same plate exhibited low variability in the measured response. As indicated
by the DIL measurements, equivalent results were obtained for samples extracted from separate plates of
SABIC®-PP-CX02-81. As illustrated in Fig. 9 in the Appendix, the mean values and standard deviations of
three SABIC®-PP-CX02-81 samples tested under comparable testing conditions are presented, indicating no
systematic differences that exceed the experimental scatter. Despite the fact that the Hostacom samples are
talc-filled and therefore not homogeneous on the microscale, the reproducibility of the measured macroscopic
response indicates a comparable level of material consistency for these material systems.

The subsequent figures depict the CTE as a function of the temperature. The legend distinguishes between
four test conditions that are summarized in Table 4.

The as-received state was included because it represents the technically relevant delivery condition of the
investigated commercial grades, although its prior thermomechanical history is not fully known. This condition
is relevant from an application perspective, since comparable material states may also occur in automotive
components prior to subsequent environmental exposure during service. Tests 2 and 3 were used to assess
changes after a first thermal exposure and subsequent storage, respectively. Test 4 provides a defined thermal
preconditioning state and therefore serves as a controlled reference for evaluating thermal-history effects.
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Table 4 Conditions of test samples used for DIL and DMA experiments

Test no. Statement on condition

Test 1 as-received, unaltered sample

Test 2 experiments conducted within 24 h after testing Test 1

Test 3 experiments conducted more than one month after Test 2

Test 4 experiments with samples preconditioned at 100 °C for minimum 36h

The preconditioning temperature of 100 °C was selected as a defined upper-temperature exposure within
the service-relevant range considered for automotive applications, while remaining below the melting range
of PP, cf. [34]. The duration of at least 36 h was chosen as a reproducible multi-day exposure that exceeds the
time required for thermal equilibration and allows thermally activated structural stabilization without melting
the material.

SABIC®-PP-CX02-81An overview of the thermal expansion behavior is provided in Fig. 1 for the material
SABIC®-PP-CX02-81. In Test 1, the CTE increases nearly linearly from —50 °C up to about 20 °C. It then
rises sharply, reaching a local maximum near 50 °C. This is followed by a distinct drop in CTE between 60 °C
and 80 °C, forming a noticeable dip in the curve. For temperatures higher than 90 °C, the curve begins to rise
again.

The behavior in Test 2 initially follows a comparable pattern as Test 1, particularly up to approximately
—20 °C. From there, however, it increases more strongly up to around 0 °C. Beyond this point, the curve flattens
slightly but continues to rise in a nearly linear fashion. As a result, the progression appears more monotonic and
consistent compared to Test 1. Around 40 °C, the curve of Test 2 intersects with that of Test 1 and continues
its nearly linear increase throughout the remaining temperature range.

Test 3, by comparison, shows consistent tendencies at lower temperatures. Notably, from approximately
—20°C onward, the curve mirrors Test 1, corresponding to the initial, unaltered state of the sample. The same
tendency persists up to the peak at around 50 °C. Subsequently, the curve slightly decreases and eventually
converges with the progression recorded in Test 2 at approximately 90 °C.

In Test 4, the CTE matches Tests 1 and 3 up to about 40 °C, follows Test 2 between 40 and 60 °C, and
remains higher than Test 1 above 60 °C. This behavior may be attributed to the extended annealing treatment,
which likely relaxed the sample and reduced its overall expansion. The progression can be regarded as a
combination of the previous tests. Up to approximately 40 °C, the curve resembles that of Tests 1 and 3.
Thereafter, the increase levels off and no peak is observed at around 50 °C, in contrast to Tests 1 and 3, while
the response is very similar to Test 2. At approximately 80 °C, the curve deviates from this trend, exhibiting an
abrupt increase and a kink near 100 °C, which corresponds to the maximum temperature applied during thermal
preconditioning. The curve then converges with those of Tests 2 and 3 at around 110 °C. This behavior may be
associated with the melting memory effect, which, according to Cho et al. [35], indicates that the structure of
PP depends on the melting temperature and hold time, thereby influencing its crystallization behavior during
cooling as well as its phase transformation behavior during heating. In the present case, the CTE response
appears to retain a memory at the last maximum temperature experienced by the sample.

In the context of automotive exterior components, the CTE results underscore the notion that the dimen-
sional response can be history-dependent, a phenomenon that is particularly evident during the initial thermal
exposure following processing or storage.

These observations are particularly relevant for automotive exterior components assembled under geometric
constraints (e.g., clips, screws, or guided interfaces), where thermal expansion cannot be accommodated
freely and may lead to stress build-up, tolerance shifts, and warpage. A comparison of unconditioned and
preconditioned states reveals that thermal cycling renders the CTE response more monotonic and reproducible,
thereby enhancing dimensional stability. Consequently, thermal history should be considered not only during
processing, but also during storage and early-life thermal exposure.

Hostacom-M2-U(2 The thermal expansion characteristics of Hostacom-M2-UQ2 are presented in Fig. 2. The
qualitative characteristics broadly resemble those of SABIC®-PP-CX02-81. Test 1 shows similar characteristic
features, including an additional plateau up to about —20 °C, followed by a gradual increase up to around
40°C. A sharp rise leads to a maximum at 50 °C, which is followed by a pronounced drop between 60 and
80°C. The local minimum occurs at approximately 90 °C, after which the curve rises again. In contrast to
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Fig. 1 Thermal expansion of SABIC®-PP-CX02-81: CTE, cf. Equation 2, shows regions of nearly constant expansion, peaks, and
dips indicative of structural or phase transitions. Differences between tests reflect sample treatment, annealing, and the melting
memory effect. Test 1: as-received; Test 2: <24 h after Test 1; Test 3: months later; Test 4: preconditioned at 100 °C for 36 h

SABIC®-PP-CX02-81 distinct variations are apparent at lower temperatures, where the curve is significantly
flatter, particularly in the range between —50 and —20 °C. Additionally, the CTE values are clearly lower at
low temperatures compared to SABIC®-PP-CX02-81, but they converge to nearly identical levels at higher
temperatures.

Tests 2 and 3 demonstrate trends analogous to those observed for SABIC®-PP-CX02-81. Test 2 shows
a nearly identical temperature-dependent progression, including the initial plateau, subsequent increase, and
gradual linear rise at higher temperatures. In Test 3, the peak at approximately 50 °C is more pronounced,
followed by convergence with Test 2 at elevated temperatures. The qualitative behavior exhibited by Test 4 is
analogous to that observed in SABIC®-PP-CX02-81. However, Test 4 demonstrated a closer agreement with
Test 2 than it was observed for the previous material.

The reduced CTE of Hostacom-M2-U02, particularly at sub-zero temperatures, is consistent with its high
talc content, whereas the values at around 110 °C finally reach the same quantitative levels as those of SABIC®-
PP-CX02-81.

Hostacom-M4-U02 In Fig. 3, the CTE response of Hostacom-M4-U02 is displayed. The qualitative response
in Tests 1 and 2 appears to be consistent with that of both SABIC®-PP-CX02-81 and Hostacom-M2-U02.

However, quantitative variations in the temperature levels have been observed. At low temperatures, the
CTE values are marginally lower than those of Hostacom-M2-UQ2. At elevated temperatures, the curve shows
a less pronounced increase, which is likely attributed to the even higher talc content in Hostacom-M4-U02.

Slightly larger discrepancies are evident in comparison to the other materials for Test 3. The progression is
qualitatively similar to Hostacom-M2-UO2 up to the peak at approximately 50 °C, which is again higher and
more pronounced. After this point, the CTE decreases and also converges toward Test 2, although the curves
never fully meet.

With regard to the impact of talc incorporation, the CTE curves of Hostacom-M2-U02 and Hostacom-
M4-U02 have been shown to reduce the apparent CTE. This property assists in preserving gap-and-flush
requirements, i.e., maintaining specified clearances and flush alignment between adjacent exterior components,
and in mitigating thermally induced distortion. In constrained assemblies, dimensional stability is contingent
on both thermal strain and stiffness. Given that talc also increases stiffness, talc-filled grades may contribute
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Fig. 2 Thermal expansion of Hostacom-M2-U02: CTE, cf. Equation 2, shows similar trends to SABIC®-PP-CX02-81, with
nearly constant expansion at low temperatures, peaks around 50 °C, and a dip between 60 °C-90 °C. Lower CTE at sub-zero
temperatures reflects high talc content, while convergence at higher temperatures is observed. Test 1: as-received; Test 2: < 24h
after Test 1; Test 3: months later; Test 4: preconditioned at 100 °C for 36 h
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1.75 4+ —— Test 1
—— Test 2
1.50 4+ —— Test 3
—— Test 4
v 1.25 1
~
™
g 1.00
a
) 0.75
0.50
0.25 4
0.00 T T T T T T
—50 —25 0 25 50 75 100 110

Temperature 6 in °C

Fig. 3 Thermal expansion of Hostacom-M4-U02: CTE, cf. Equation 2, displays a pronounced initial increase at low temperatures,
followed by a decrease and subsequent increase. The preconditioned sample exhibits a response similar to Test 2, indicating that
the structural state achieved after thermal treatment is stabilized. Furthermore, the higher talc content is associated with lower CTE
values compared to Hostacom-M2-UQ2. Test 1: as-received; Test 2: <24 h after Test 1; Test 3: months later; Test 4: preconditioned
at 100 °C for 36h.
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to enhanced geometric stability in applications where thermal deformation is constrained. Conversely, unfilled
PP may be advantageous when elastic compliance is required to accommodate tight mounts.

3.1.2 Interval-based comparison of coefficients of thermal expansion

Asillustrated in Fig. 4, the arithmetic mean of all discrete CTE data points within two temperature intervals was
calculated to obtain representative CTE values for the lower and higher temperature regimes. For a temperature
interval [6,, 6], the interval-averaged CTE is defined as

_ 1
&g, = > ah, (7
Ne.—6s g, 1g0,

where «(6;) denotes the discrete CTE value evaluated at temperature 6; and Ng, g, is the number of data points
within the respective interval. No monotonicity assumption is made in this evaluation. Local peaks, dips, and
scatter within the selected interval contribute directly to the arithmetic mean. The interval averages should
therefore be interpreted as compact descriptors of the effective CTE level in the respective temperature ranges
rather than as fitted material constants.

The temperature intervals ranging from 0 to 40 °C and from 40 to 100 °C were selected to differentiate
between the quasi-linear expansion region below the pronounced structural transition around 50 °C and the
regime in which non-monotonic features are observed. In order to quantify the temperature sensitivity of the
effective thermal expansion independently of the absolute CTE level, the relative deviation

€q,rel = w x 100 % (8)
Q0-40
is defined and summarized in Table 5. Normalizing with respect to .49 facilitates direct comparison between
unfilled and talc-filled materials despite their divergent absolute expansion coefficients. The resulting scalar
measure reflects the relative increase in expansion behavior at elevated temperatures and thus serves as an
indicator of the structural sensitivity of the material to thermal activation.

Across all materials and test conditions, the interval mean in the higher-temperature range exceeds that in
the lower-temperature range, i.e., ®49-100 > 0-40 (Fig. 4), reflecting the overall increase in the CTE level with
temperature. For the unfilled SABIC®-PP-CX02-81 grade, the relative deviation between both interval means
is lowest in Tests 1 and 2 (31.3—32.6 %) and highest after aging (Test 3, 50.4 %). The comparatively slight
deviation observed in Test 1 is influenced by the pronounced non-monotonic CTE drop around 60 and 80 °C.
This drop reduces the mean in the 40 to 100 °C interval.

The addition of talc results in a substantial decrease in the absolute CTE level across both intervals (Fig. 4).
A further reduction in CTE is observed for the Hostacom-M4-U02 in comparison to the Hostacom-M2-
U02 material. Despite the reduced CTE level, the relative deviation is substantially larger for the talc-filled
materials (Table 5), indicating an enhanced sensitivity of the effective expansion response to thermal activation.
In Test 3, the relative deviation exceeds 120 % for both talc-filled grades, indicating that the temperature-
induced increase in CTE is more than twice the low-temperature reference value. For both talc-filled grades,
the increased deviation after aging suggests enhanced structural rearrangement or post-crystallization effects
activated during reheating.

The interval-based evaluation confirms that, irrespective of conditioning state, the effective CTE is con-
sistently higher in the upper temperature range than in the lower one. While talc incorporation has been
demonstrated to reduce the overall expansion level, it has also been shown to amplify the relative tempera-
ture sensitivity of the response, particularly after aging. Therefore, the quantitative comparison indicates that
filler addition and thermal history modify not only the magnitude but also the temperature dependence of the
effective expansion behavior within the investigated range.

The DIL measurements demonstrate a discernible correlation between the CTE response and the thermal
history. The peak—dip feature observed in the unconditioned state (Test 1) indicates a thermally activated struc-
tural rearrangement during heating, consistent with processes commonly associated with post-crystallization
in semicrystalline PP. Prior thermal exposure (Tests 2 and 4) results in a predominantly monotonic CTE pro-
gression, suggesting a more stabilized material state. Following an extended period (Test 3), the reemergence
of enhanced non-monotonic characteristics suggests a partial restoration of a structurally non-equilibrated
condition. These interpretations are consistent with thermally activated structural processes. However, they
cannot be verified directly by dilatometry alone.
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Fig.4 Interval-averaged CTE for three polypropylene grades SABIC®-PP-CX02-81, Hostacom-M2-U02 and Hostacom-M4-U02
across four test conditions

Table 5 Relative deviation, (@40-100 — ®0-40)/®0-40 X 100 %, between the interval means (.49 and a40-100 for all materials

Test no. SABIC®-PP-CX02-81 Hostacom-M2-U02 Hostacom-M4-U02
Test 1 31.3% 77.4 % 75.8 %
Test 2 32.6% 68.9 % 79.3 %
Test 3 50.4 % 122 % 125 %
Test 4 39.3% 89.3 % 87.6 %

From an engineering applications perspective, the interval specified in Fig. 4 and Table 5 suggests the
utilization of a two-segment representation of the CTE over the designated temperature range. This approach
diverges from the conventional practice of employing a single, constant CTE value, which is commonly applied
in structural automotive simulations.

3.2 Temperature-frequency sweeps by dynamic mechanical analysis
3.2.1 Unconditioned dynamic mechanical analysis experiments

Storage modulus In Fig. 5 the storage modulus E’ for all three material systems is plotted over the tempera-
ture . For all materials, E’ decreases with increasing temperature and exhibits a distinctly non-linear, sigmoidal
trend with an inflection point around 6 & 0 °C. As expected, increasing frequency leads to an increase in the
storage modulus. The curves are generally closely spaced, with the frequency-induced separation becoming
more pronounced near the inflection region.



86  Page 12 of 20 Y. Huang et al.

x10%

1.0

0.8

e
(@)
]

e
N
1

Storage modulus E’ in MPa

0.0 T T T T T T T
—40 —20 0 20 40 60 80 100 120
Temperature 6 in °C
SABIC® PP CX02-81 Hostacom-M2-U02 Hostacom-M4-U02
10° 10* 10° 10* 10° 10

Frequency f in Hz

Fig. 5 Storage modulus E’ for SABIC®-PP-CX02-81, Hostacom-M2-U02, and Hostacom-M4-U02, cf. Eq. 5, over 6 for different
frequencies. For all materials, E’ decreases nonlinearly with increasing temperature, while higher frequencies yield higher E’.
Across all three materials, E” suggests an inflection point around 6 ~ 0°C. Compared to SABIC®-PP-CX02-81, the talc-filled
grades exhibit elevated modulus levels and a more pronounced frequency-induced separation; Hostacom-M4-U02 shows the
highest E’ across the entire range, with the largest differences at low temperatures

The incorporation of talc into the Hostacom-M2-U02 and Hostacom-M4-U02 samples led to an elevation
in the modulus level in comparison to the SABIC®-PP-CX02-81 sample, a phenomenon that was most evident
at low temperatures. This stiffening trend persisted throughout the entire temperature range, as evidenced by
the highest E’ values recorded. With respect to absolute values, the stiffness differences are most pronounced
at low temperatures. Toward higher temperatures, the E’ curves converge, such that the apparent separation
between the grades decreases.

Loss factor Figure 6 provides an overview of the loss factor response of the three material systems, considering
the effects of temperature and frequency. For all materials, tan § increases with temperature, indicating a
progressively more dissipative and less elastic response at elevated temperatures. A pronounced local maximum
is evident, occurring around 5-10 °C for all grades. According to [36], at least five common methods exist
for determining the glass transition temperature ;. In this study, the glass transition is identified using the
maximum of the loss factor, cf. Ferry [37, Chapter 2 A.9]. Thus, for this study, the above mentioned temperature
range is consistent with the glass transition temperature 6, of PP, as reported by Tajvidi et al. [38]. A slight
frequency dependence is observed, with the 6,-related maximum shifting to higher temperatures as frequency
increases. The peak position remains comparable across materials, indicating that the predominant segmental
relaxation associated with 6, is not shifted by the filler. The peak magnitude is also largely similar, with
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only Hostacom-M4-U02 showing a slightly reduced maximum. This finding suggests a moderation of the
glass-transition-related dissipation with increasing talc content.

Following the maximum, tan § decreases within the temperature range of approximately 20-35 °C. The
position of the minimum is shifted toward higher temperatures with increasing frequency. This local minimum
indicates a temperature range with reduced internal friction. With increasing temperatures, tan é rises again.
For SABIC®-PP-CX02-81, an additional, frequency-dependent maximum is clearly visible around 90-100 °C
at low frequencies and shifts toward higher temperatures with increasing frequency. The location and character
of this feature are consistent with the so-called «*-relaxation [27], which describes a process that has been
interpreted in the literature as the diffusion of defects within the crystalline phase [20]. Furthermore, Jourdan et
al. [20] observed that the amorphous regions surrounding the crystalline domains facilitate and accelerate this
defect diffusion. Conversely, for the talc-filled grades this corresponding high-temperature feature is shifted
toward higher temperatures and is therefore only partially captured within the plotted range. Consequently, its
presence is primarily notable at the lowest frequencies. This finding suggests a potential influence of talc on the
so-called high-temperature defect-diffusion mechanism [20] associated with the «*-relaxation. Furthermore,
at temperatures ranging from approximately 50-60 °C, the absolute level of tan § exhibits a systematic increase
with increasing talc content. In this context, Hostacom-M4-U02 exhibits the highest loss factor, followed by
Hostacom-M2-UQ2. In contrast, SABIC®-PP-CX02-81 maintains the lowest level, indicating that elevated
temperatures and increased talc content promote dissipative behavior for small deformations.

From an engineering perspective, the high-temperature «*-relaxation is not considered as a standalone
design parameter. However, it provides an indicator for changes in the viscoelastic response at elevated tem-
peratures. This is relevant for automotive exterior components exposed to high ambient temperatures and solar
radiation, particularly for dark-painted parts, where surface and component temperatures may approach the
upper range of the investigated service conditions. In this regime, changes in damping and stiffness may affect
preload retention, dimensional stability, and vibration response of constrained assemblies.

3.2.2 Preconditioned dynamic mechanical analysis experiments

Loss factors As illustrated in Fig. 7, the loss factor, denoted by tan §, of unconditioned and preconditioned
samples is compared at a frequency of 5 Hz. In essence, the impact of preconditioning is predominantly
characterized by its effect on the damping magnitude. Preconditioning primarily alters the damping level,
inducing a systematic offset in tan § over a broad temperature range, and the curves consistently intersect
near 35 °C. The intersection occurs in the transition region between the glass transition-related loss peak and
the subsequent high-temperature increase in tan , where the influence of preconditioning changes from an
increase to a decrease in the loss factor.

In the lower-temperature range below this intersection region, the preconditioned samples exhibit elevated
tan § values, which are consistent with the relative deviations presented in Fig. 7 and summarized in Table 6.
The enhancement in the glass-transition-related maximum is approximately 24 % for SABIC®-PP-CX02-81,
35 9% for Hostacom-M2-U02, and 18 % for Hostacom-M4-U02. From an automotive point of view, this trend
may prove advantageous in terms of resonance mitigation and rattle suppression during cold operation.

Above the intersection region at 35 °C, the trend is reversed. Specifically, preconditioning has been shown
to result in a reduction in the loss factor, which indicates a response characterized by reduced dissipation. This
behavior is documented in, e.g., Gahleitner et al. [39] and Fiebig et al. [40]. The enhanced stiffness retention at
elevated service temperatures is advantageous in minimizing softening-induced loss of preload or geometric
stability under prolonged thermal exposure.

While thermal preconditioning modifies the magnitude of the viscoelastic response, the glass transition
temperature and the high-temperature o*-relaxation remain largely unaffected. The alterations manifest pre-
dominantly in the stiffness and damping behavior of the material system, rather than in a shift of the transition
temperatures.

3.3 Differential scanning calorimetry experiments
3.3.1 Overview of differential scanning calorimetry results

The DSC results (cf. Fig. 8) reveal a single dominant endothermic melting peak for all material systems during
the first heating cycle. The peak temperature remains essentially unchanged after preconditioning, whereas
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Fig. 6 Loss factor tan § for SABIC®-PP-CXO02-81, Hostacom-M2-U02, and Hostacom-M4-U02, cf. Eq. 5, over 6 for varying
frequencies. All three materials exhibit a primary maximum around 6 ~ 5 to 10°C, consistent with 6, followed by a local
minimum at 6 &~ 20 to 35 °C. At higher temperatures, tan § increases with a pronounced frequency dependence; compared to
SABIC®-PP-CX02-81, the talc-filled grades show a shift of the o*-relaxation to higher temperatures and an overall higher loss
level, most pronounced for Hostacom-M4-U02

Table 6 Comparison between preconditioned and unconditioned PP-samples depicted at f ~ 5 Hz

SABIC®-PP-CX02-81 Hostacom-M2-U02 Hostacom-M4-U02
Sample tan &y, tandz, ;. tan gy, tandz,, tan &y, tandz,,
Unconditioned 0.0435 0.0330 0.0448 0.0367 0.0426 0.0364
Preconditioned 0.0539 0.0340 0.0606 0.0388 0.0503 0.0361
Relative deviation 23.87 % 2.97 % 35.33% 5.75% 18.04 % 0.71 %

the peak area increases, consistent with the higher melting enthalpy values reported in Table 7. Since the
melting enthalpy of the first heating cycle reflects the crystalline fraction present in the initial material state,
these results indicate an increase in crystallinity following thermal treatment. In contrast, the crystallization
enthalpy measured during controlled cooling exhibits no systematic differences between conditioning states,
suggesting comparable crystallization behavior under identical DSC cooling conditions.

Quantitatively, thermal preconditioning increases the crystalline fraction by approximately 6.6 % for
SABIC®-PP-CX02-81 and for Hostacom-M2-U02, and by 3.9 % for Hostacom-M4-UO02. These changes
in crystalline content are consistent with the modifications observed in the dilatometric and dynamic mechan-
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Fig. 7 Loss factors, cf. Equation 5, and their relative deviations for unconditioned and preconditioned samples at 5 Hz. Below
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No shift in 6, and o*-relaxation is observed
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Table 7 Integration limits and adjusted mass mpp used to determine the mass-specific enthalpy of melting Ahy, and the degree
of crystallinity x. for all materials in the unconditioned and preconditioned states

SABIC®-PP-CX02-81 Hostacom-M2-U02 Hostacom-M4-U02
Values Uncond. Precond. Uncond. Precond. Uncond. Precond.
mpp 4.091 mg 5.113mg 6.256 mg 7.097 mg 6.690 mg 5.271 mg
Ahpy 80.681J/¢g 92]/g 91.64J)/g 102.80J/g 95.69])/g 102.38J/g
Xc 47.46 % 54.12 % 5391 % 60.47 % 56.29 % 60.22 %

For the talc-filled Hostacom grades, Ahy, was normalized to the effective PP mass as described in Sect. 2.4

ical measurements, where a more monotonic CTE evolution and altered stiffness and damping levels were
identified after thermal treatment.

Furthermore, the talc-filled grades exhibit higher crystallinity than the unfilled material in both conditioning
states, in agreement with the well-documented nucleating effect of talc, see Velasco et al. [14] and Castillo
and Barbosa [15].

While DSC quantifies the crystalline fraction, it does not directly resolve changes in amorphous-phase
segmental mobility. Thus, the structural interpretation remains indirect. Therefore, the observed changes in
crystallinity are interpreted as correlated with the changes in CTE, stiffness, and damping.

4 Summary and conclusion

This study combines dilatometry (DIL), dynamic mechanical analysis (DMA), and differential scanning
calorimetry (DSC) to quantify how thermal history and talc reinforcement affect thermal expansion, vis-
coelastic response, and crystallinity of polypropylene (PP) under service-relevant conditions in an automotive
context.

Key conclusions

e Thermal preconditioning stabilizes the thermal-expansion response: DIL shows a more monotonic tem-
perature dependence of the CTE after preconditioning, with a suppression of pronounced non-monotonic
features observed in the unconditioned state.

e Preconditioning primarily changes the magnitude, not the characteristic temperatures, of the DMA
response: DMA identifies two characteristic features in the loss-factor response (glass transition at low
temperatures and the high-temperature o *-relaxation). Thermal preconditioning mainly alters stiffness and,
in particular, damping levels, while the temperature positions of both glass transition and «*-relaxation
remain largely unchanged.

e DSC provides a consistent structural trend: DSC confirms an increased crystalline fraction after thermal
preconditioning. This trend provides structural context for the observed modifications in CTE as well as
stiffness and damping levels, while no direct causal relationship is inferred from DSC alone.

e Tulc reinforcement shifts levels and high-temperature o*-relaxation: Compared to the unfilled grade, talc
incorporation reduces the absolute CTE level and increases stiffness and crystalline fractions. In addition,
talc affects the high-temperature o *-relaxation, whereas the glass transition temperature remains essentially
unaffected.

For constrained automotive exterior assemblies (e.g., clips, screws, or guided interfaces), the observed his-
tory dependence of the CTE implies that thermal cycling and early-life exposure can directly affect dimensional
stability, tolerance shifts, and warpage. In this context, the more monotonic and reproducible CTE response
after thermal preconditioning indicates a practical route to reduce scatter and improve robustness. Moreover,
the combined DIL/DMA trends suggest that talc-filled grades can enhance geometric stability through reduced
thermal strain and increased stiffness, whereas unfilled PP may remain advantageous when elastic compliance
is required for assembly and in-service accommodation.

The experimental approach presented herein provides a structured dataset for correlating thermal expansion,
viscoelastic response, and crystalline fraction in PP grades relevant for automotive applications. However, the
present study does not resolve the detailed microstructural mechanisms governing the observed changes. In
addition to talc content and thermal history, supplier- and grade-specific characteristics may also contribute
to the measured response. The reported trends should therefore be interpreted as an indication of history
sensitivity rather than a direct identification of the underlying morphology evolution.
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Appendix A Assessment of sample consistency and quality based on dilatometry tests

Figure 9 shows the mean value and standard deviation of three different samples of SABIC®-PP-CX02-81
tested under the same experimental settings, with the only difference being that one sample was tested only up
to 80 °C. Nevertheless, it is evident that the samples deviate only minimally from one another. For clarification,
two of the samples were taken from the same plate but from different positions, while the third sample originated
from an entirely different plate.
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Fig. 9 Mean CTE, cf. Equation 2, for three samples of SABIC®-PP-CX02-81
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