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Introduction mold in the process line, the polymer composite

Polypropylene (PP) is the most commonly used
material for interior automotive components owing
to its many advantages, such as being lightweight,
low cost, heat resistant, and easy to process. Most PPs
are used in many automotive parts, including
instrumental panels, bumper fasciae, and door trims,
which require the improvement of the functionalities
and mechanical properties of nanoadditives [1-3].
Various nanoadditives, such as slip agents, lubri-
cants, antistatic agents, antioxidants, and ultraviolet
stabilizers, are added to achieve superior perfor-
mance of the final products depending on the appli-
cation [4, 5]. Nanoadditives can significantly improve
the mechanical and chemical properties of polymers,
such as tensile strength, impact strength, flexibility,
elasticity, heat resistance, and dimensional stability of
polymers [6-8]. In particular, the friction level
between the polymer plastic and equipment is a
crucial factor that determines the manufacturing
performance. This property is mainly controlled by
the coefficient of friction of the plastic. Polymer
composites tend to stick to metals and other compo-
nents of handling lines during fabrication and use. To
avoid the demolding of the polymer plastic from the
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material must provide a minimum level of friction
[9, 10]. The required coefficient of friction for the
composites is commonly achieved using slip agent
nanoadditives. These nanoadditives are added to the
polymer matrix in the molten stage; they then
migrate to the polymer surface in the solid state
because of the lack of compatibility between the slip
agent and polymeric matrix [11, 12]. Fillers made of
talc, mica, silica, and wollastonite are the most com-
mon mineral nanoadditives used for polymeric
compounds; their content usually ranges from 1 to
40% by weight. Talc, which is a naturally hydrated
magnesium silicate, is applied extensively to modify
polymeric matrices owing to its various advantages
[13]. In particular, talc is cost-effective, improves the
stiffness and thermal properties, has a nucleating
effect, reduces shrinkage, and imparts dimensional
stability. Therefore, talc has been used in final auto-
motive products, such as the interior and exterior
parts [14, 15].

Polymer composites with slip agents and talc are
not always easy to control because of the multiple
factors that influence the migration of the nanoaddi-
tive. The migration is most commonly affected by
environmental and formulation factors [16, 17];
moreover, the nanoadditive frequently diffuses with
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Figure 1 Schematic procedure of surface migration analysis of PP/slip agent composites by thermal aging.

time on the surfaces of the specimens after the
extrusion and injection processes, which lead to the
phenomenon of “blooming” or “whitening” [18]. The
“blooming” of nanoadditive on the surfaces of spec-
imens is a serious issue because it changes the
appearance of the final product and also reduces the
nanoadditive’s function [19]. Such blooming and
migration phenomena can be attributed to the influ-
ence of the crystallization of the polymer. In a poly-
mer, low molecular weight nanoadditives are present
in particularly mobile, amorphous fractions. In the
matrix, amorphous fractions may exist between the
lamellar stacks in the intraspherulitic zones or at the
spherulite borders in the amorphous interspherulitic
domains. These fractions act as links between the
lamellar stacks in these regions. However, the
amorphous fractions undergo changes with thermal
aging, which is an outcome attributed to the increase
in the density of crystalline fractions owing to an
increase in the spherulite size [20]. This changes the
mobile part to a partially constrained part owing to
thermal aging. The segments of the mobile parts are
entangled with each other and cause restricted
motion. Kapur and Rogers proposed a molecular
rearrangement between the intercrystalline parts in a
manner similar to secondary crystallization, thus

suggesting a decrease in the density of the remaining
mobile regions [21, 22]. In “secondary crystalliza-
tion,” the penetration of the chains within the adja-
cent crystals causes the thickening of lamellae and the
increase in the crystallite size during thermal aging
[23, 24]. Thus, the crystallite size of the specimen
gradually increased over time, which may trigger the
migration of the nanoadditive to the surfaces of the
specimen. However, to our best knowledge, the the-
oretical interpretation of the blooming phenomenon
of nanoadditives has not been reported [25-27]. In
addition, most of the published manuscripts only
report migration to food packaging materials
depending on the aging temperature, molecular
weight, and rheological properties of the polymer
[28-30]. Experimental evaluation methods and non-
standardized test methods need to be developed to
study this phenomenon. This evaluation method can
improve the quality and life cycle of all thermoplastic
composites and PP composites by identifying the
migration phenomenon of nanoadditives.

The aim of this study was to investigate the
migration of amide and Si as slip agents controlled by
co-nanoadditives when incorporated in standard film
formulations of PP. The investigation focuses on the
relationship  between the nanocrystallization
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behavior with temperature and time, and the surface
migration of the nanoadditive to the internal amor-
phous regions. The experimental results indicate that
the nanoadditive may diffuse out of the surface; they
also indicate the correlation between the nanocrys-
tallization behavior and migration phenomena of the
nanoadditive on the surface during thermal aging.

Experimental
Materials

Polypropylene (PP) in the form of chips with a melt
flow index (MI) of 30 g/10 min (Bx3800, SK Chemi-
cals, Seoul, Seoul, Republic of Korea) was used as the
polymer matrix. The following nanoadditives were
incorporated in the PP. Armoslip-E (AkzoNobel,
Amsterdam, Netherlands) and MO50-001 (Dow
Corning, Midland, USA) were used as slip agents.

Preparation of PP/Slip agent composite

Figure 1 illustrates the schematic of the preparation
of PP/slip agent composites and the procedure used
for the surface migration analysis of the composites
subjected to thermal aging. Prior to the extrusion, PP
and slip agents were dried in an oven for 3 h at 70 °C.
The extrusion of PP/slip agent composites were
conducted with the use of a co-rotating twin-screw
extruder (TEK20, SM Platek, Ansan, Republic of
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Korea, see Fig. S1 for pictures of the machine) with an
L/D value of 42 and an intermeshing screw config-
uration. The screw speed was set to 225 revolutions
per minute. The processing temperature was set in
the range of 180-220 °C. Further, the PP/slip agent
composites were prepared by mixing master batches
with the slip agent (amide or Si) at loadings equal to
0.7 wt.%. The extrudates were pelletized using a SM
Platek pelletizer. Subsequently, PP/slip agent blend
test specimens were prepared using injection mold-
ing (IDE140ENII, Goldstar, Seoul, Republic of Korea).
To illustrate the diffusion of the internal nanoaddi-
tive to the surface over time under annealing condi-
tions, we prepared specimens (thickness = 3 mm) by
injection molding. Since the size of the particles var-
ies according to the crystal temperature, the molding
and cooling time were fixed as 12 s, respectively, for
all cases. The specimens were placed in an oven at
90 °C and annealed for 0, 24, 48, and 72 h. The
specimens were split in half at each temperature to
examine the nanoadditive migration. The experi-
ments were conducted based on the assumption that
the internal nanoadditive diffused outward under
thermal aging conditions. Thus, the changes in the
specimen surface were identified.

Characterization of PP/Slip agent composite

X-ray diffraction (XRD) analysis was performed at
25 °C using a Bruker AXS D8 diffractometer with a

— -——

48 h 72 h

Figure 2 Close-up distal images of a PP/amide slip agent and b PP/Si slip agent composites aged at 90 °C at different time points.

@ Springer



J Mater Sci (2022) 57:1489-1505

Cu-tube target (1.541 A) in standard continuous scan
mode. The equipment was operated at 40 kV and
40 mA. The scanning speed was 2.000°/min, and the
20 range was 5-80°. The measurements were taken on
samples with dimensions of 12.7 x 12.7 x 3 mm3.
The Origin software was used to obtain the values
and figures based on theoretical diffraction patterns.

The Scherrer equation, which is normally used to
calculate the nanocrystallite size of crystalline mate-
rials, is as follows [31-33],

Lc =18 Kz

T cosfy/(FWHM)? — s2

where 2 is the X-ray wavelength (nm), K is a constant
related to a dimensionless shape factor, full width at
half maximum (FWHM) is the line broadening at half
the maximum intensity of a unit cell, 8 is the wave-
length of the radiation constant related to a dimen-
sionless shape factor, and the conversion factor 180/n
is used to obtain the FWHM value in radians. The
thermal characteristics of the compound specimens
were measured using a Pyris-1 differential scanning
calorimetry (DSC, PerkinElmer, Waltham, USA)
instrument. For all tests, 5 mg of each specimen was
heated from 25 °C to 200 °C at a rate of 10 °C/min,

(1)
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held at 200 °C for 10 min, and then cooled to 25 °C at
the same rate in a nitrogen atmosphere. DSC analysis
is usually performed to determine the degree of
crystallinity of a polymer based on the quantification
of heat related to its melting. The thermal character-
istics of the polymer melt can affect its crystallization
behavior. The degree of crystallization was measured
from the onset of melting to the end of crystallization,
which was determined by the area under the endo-
therm. The degree of crystallinity was calculated as
follows [34].

_AH,
¢ AHigo%

(2)

where AHm is the measured melting enthalpy of the
samples and AH100% is the melting enthalpy of 100%
crystalline PP, which is approximately 207 J/g [35].
The surface chemical compositions of the PP/slip
agent composites were analyzed using an X-ray
photoelectron spectrometer (XPS, Multilab 2000,
Thermo Fisher Scientific, Waltham, USA). The XPS
profiles were obtained using Al Ka (hv = 1400 eV)
radiation as the monochromatic X-ray source at an
operating voltage of 12 kV. The diamond scratch
resistance of the PP/slip agent composites was
determined using an Erichsen tester 430 P-II
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Figure 3 a X-ray photoelectron spectroscopy (XPS) atomic ratio
of polypropylene (PP) composites with amide slip agent and b PP
composites with Si slip agent. ¢ XRD profiles of internal region
and d external region of PP/amide composites aged at 90 °C at

different times. e X-ray diffraction (XRD) profiles of internal
region and f external region of PP/Si composites aged at 90 °C at
different times.
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<«Figure 4 X-ray photoelectron spectroscopy (XPS) C;s and Ny
spectra of PP/amide composites aged at 90 °C at different times.
a Cy; spectra, aging time: 0 h, b C;; and N spectra, aging time:
24 h, ¢ Cy4 and Ny spectra, aging time: 48 h, and d C;5 and Ny,
spectra, aging time: 72 h.

(Erichsen GmbH, Germany) according to the Amer-
ican Society for Testing and Materials (ASTM)/ISO
polymer scratch standard. Measurements were taken
using a force of 10 N. The diameter of the scratch tip
was 1 mm. The scratch test was conducted at a speed
of 100 mm/s. After the PP/slip agent composites
were scratched, the brightness increase of the PP/slip
agent composite scratched area was measured using
a 6836 spectroguide sphere gloss colorimeter (BYK-
Gardner, Wesel, Germany). Subsequently, the
brightness difference between the scratched and
nonscratched surfaces, delta-L, was determined, and
this was used to calculate the brightness deviation.
After each scratch, the average surface roughness
(Ra) was measured using a surface roughness tester
TR200 (SaluTron GmbH, Frechen, Germany). The
parameter Ra is generally defined on the basis of the
ISO 4287 as the arithmetical mean of the deviations of
the roughness profile from the central line (um) along
the measurement. This definition is given by Eq. (3)
[36],

Ro=1 [ Iyl ()

where L is the sampling length, and y is the coordi-
nate of the profile curve. The surface morphological
features of the PP/slip agent composites were char-
acterized using a digital camera (IFS-28, Canon). The
morphologies of the PP/slip agent composites were
analyzed using FESEM (5-4800, Hitachi) equipped
with an EDS module. Scratch whitening and struc-
tural features of PP/slip agent composites with dif-
ferent aging times were investigated using polarized
optical microscopy (POM, 538, Bimience).

Results and discussion

Surface morphology of PP/Slip agent
composite

The samples before and after thermal aging were
subjected to morphological analysis using a digital
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camera. Figure 2 displays the close-up digital images
of the PP/slip agent composites subjected to different
slip agents and thermal aging times. In the compos-
ites aged 24-72 h (Fig. 2a-b), many migration-related
whitenings were observed at the aging time of 24 h,
and surface evaporation-based migration in the PP/
amide composites (Fig. 2a) decreased at an aging
temperature of 90 °C and an aging time of 72 h
because of the high flowability of the amide
nanoadditive. Conversely, significantly less migra-
tion was observed for the first 24 h of aging in the
PP/Si compared with the PP/amide composites.
Over time, more migration-related whitening was
observed on the surface of the PP/Si composites. This
result indicated that in the PP/amide composites,
rapid migration occurred after 24 h up to 72 h of
aging, compared with that in the PP/Si composites.
Thus, it can be concluded that the migration process
occurring in the PP/Si composites was slightly more
stable than that which occurred in the PP/amide
composites. The reason for the slower migration of
the PP/Si composites was attributed to the fact that
they had more functional oxygen groups than
amides. Thus, it is estimated that compatibility with
PP is higher. This surface migration phenomenon
was believed to push the nanoadditives to the surface
as the polymer chains moved, and as the
polypropylene crystal structure changed owing to
thermal aging. These changes can be confirmed by
analyzing the crystallinity of the inner and outer
parts of the PP composites.

Characterization of PP/Slip agent composite

Figure 3a,b shows the XPS atomic ratios of the PP/
slip agent composites aged at 90 °C for 0-72 h. The
XPS patterns of all samples exhibited a tendency to
increase in the O/C, ratio calculated from the total
content of Ols and Cls, atomic ratio after thermal
aging, which was attributed to the whitening phe-
nomenon of the amide and Si slip agents that
migrated onto the PP/slip agent composite surface.
Notably, in the PP/amide slip agent composite, the
O/C atomic ratio decreased after 72 h of thermal
aging. The amide slip agent added to the PP com-
posites completely migrated to the surface after 48 h
and then evaporated. It is considered that this effect
reduced the O/C atomic ratio. From the results of the
O/C atomic ratio, it was confirmed that the PP/Si
slip agent composites had more stable migration

@ Springer
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<«Figure 5 XPS C;, and Si,, spectra of PP/Si composites aged at
90 °C at different times. a Cy spectra, aging time: 0 h, b C and
Si,, spectra, aging time: 24 h, ¢ Cy, and Si,, spectra, aging time:
48 h, and d C, and Si,, spectra, aging time: 72 h.

patterns than the PP/amide slip agent composites.
The Cy5, Ny, and Siy, spectra of the PP/slip agent
composites after thermal aging are shown in Figs. 4
and 5. The spectra show peaks attributed to C in the
range 285-287 eV, N at 399.7 eV, and Si in the range
101-105 eV assigned to the C-C, C-H, C-OH, C=0,
N—(C=0), Si-O, Si-C, and Si-O, groups, respectively,
of the surface-migrated slip agents. Nanoadditive-
related (amide and Si) peaks were not detected in the
nonaged sample with the amide slip agent. In the
case of amide, it was confirmed that the migration
started at 0 h from the detection result of an O/C
atomic ratio of 0.007. In contrast, no O/C atomic ratio
was detected at 0 h for the sample containing the Si
slip agent. The XPS surface elemental analysis results
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Figure 6 Variations in the crystallite size of a PP/amide
composites; b PP/Si composites with the thermal aging time, as
determined from the XRD data. Relationship between elemental
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for the PP/slip agent composites are listed in
Table S1. From the results obtained from surface
element analyses, in the case of PP composites, which
contained amide, the N/C atomic ratio increased to
0.024 by 48 h and then decreased to 0.013 at 72 h. The
amide additive was considered to be present inside
the PP composites; they evaporated after they were
transferred to the surface when exposed to thermal
aging for a long time. By contrast, in the PP com-
posites, which contained Si, the Si/C atomic ratio was
detected as low as 0.005 at 24 h, and unlike
PP/composites with amide, it did not evaporate and
increased linearly until 72 h. These results show that
the Si additive exhibits higher stability than the
amide additive in accelerated aging conditions at
90 °C for 72 h.

A series of crystallization analyses involving ther-
mal aging of the external and internal PP/slip agent
composites were conducted at 90 °C for 0, 24, 48, and
72 h. The crystallization characteristics of the external
and internal regions varied as a function of thermal
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composites aged at 90 °C at different times (072 h).
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aging time. The XRD profiles shown in Fig. 3c-f
reveal the aging time-dependent changes in the
intensities of the diffraction peaks corresponding to
the internal and external regions of the PP/slip agent
composites thermally aged at 90 °C. The XRD
experiments could not confirm the quantitative
measurement of the nanoadditive migration. How-
ever, it was assumed that the talc peak intensity was
proportional to the amount of nanoadditive that
migrated at 0, 24, 48, and 72 h of thermal aging. It is
evident from Fig. 3c—f that the nanoadditive migrated
to the surfaces of the samples from the internal
regions upon annealing, as revealed by the corre-
sponding increase in the intensity of the nanoadditive
peak. In addition, the results show an increase in the
mass concentration of the nanoadditive phase on the
surface of the samples with aging time. This indicates
that migration was significantly affected by the
thermal aging time. In addition, the XRD pattern in
Fig. 3c—f shows the presence of basal diffraction of
talc (T) (001), (002), (003), and (020) in the PP/slip
agent composites, and the internal intensity decreases
with increasing thermal aging time. Simultaneously,
the external intensity increased.

Figure 6a-b shows the correlation between the slip
agent migration and nanocrystallite size in the ther-
mally treated PP/slip agent composites. The corre-
lation was evidenced by the increase in the spherulite
size (nm), as measured by XRD at different aging
periods. Because the samples were thermally aged at
temperatures below their melting temperatures, the
crystallite size eventually increased. This caused the
migration of low molecular weight nanoadditives to
the sample surface. In composite samples, low
molecular weight nanoadditives are usually present
in the amorphous regions of the polymer. However,
thermal aging changes the amorphous fractions, and
the segments of the mobile regions entangle with
each other, leading to restricted motion, such as in
secondary crystallization during annealing [37, 38].
The entangling of the chains within the adjacent
crystals causes thickening of the lamellae and
increases the crystallite size during the annealing
process. The sizes of the crystallites in the melted
compound in the external and internal regions were
different. This finding can be attributed to thermal
hysteresis during injection molding. In addition, it is
possible that the effect of thermal aging manifested as
an increase in the crystalline particle size owing to the
effect of the remaining lamellar or crystalline chains.

@ Springer
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In polymers, the crystallite size is influenced by the
type of nucleating agent, temperature, thermal char-
acteristics, and velocity gradient of the polymer.
Rapid quenching produces numerous nuclei simul-
taneously, thus resulting in a small grain size. How-
ever, after the initial nucleus is formed, the grain size
may change slightly with thermal aging. In this
study, it was confirmed that the thermal aging
treatment caused an increase in the crystallite size. As
a result, the nanoadditive present in the amorphous
regions diffused to the periphery. Therefore, the
increase in the crystallite size was attributed to the
migration of the nanoadditive to the surface owing to
annealing. The calculated FWHM values and crys-
tallite sizes are listed in Tables S2 and S3. However, it
should be noted that only the parameters of PP in
XRD were considered, except for the parameters of
talc. Given that talc is an inorganic material, it exhi-
bits high-intensity peaks. Therefore, we need to dis-
tinguish the talc peaks from the PP peaks.

A comparison of the XPS analysis results of the
PP/slip agent composites with less nanoadditive
migration with that of the sample with more
nanoadditive migration (Figs. 4 and 5) showed that
thermal aging conditions accelerated the increase in
the crystallite size of the PP composites, which
resulted in a reduction in the average amorphous
parts. This shows that the nanoadditive, which
comprises amorphous components and is present in
the amorphous portions, migrated to the sample
surface over time. Therefore, the XPS results indi-
cated an increase in the amount of the nanoadditive
migrated at different conditions during the thermal
treatment. Figure 6¢c-d shows the linear relationship
of element composition and crystallite size. This
confirmed that the nanocrystallite size increase was
proportional to the nanoadditive content, as indi-
cated by the XPS results.

The DSC thermograms corresponding to the
external and internal regions of the PP/slip agent
composites thermally aged for different times are
shown in Fig. 7a—d. The melting endotherms show
changes related to the increase in the crystallite size
of the samples induced by thermal aging. As
observed in Fig. 6a-b, the average size of the crystals
increased with thermal aging for 0, 24, 48, and 72 h,
which is attributed to the formation of thinner
lamellar stacks owing to the crystallization of the
remaining mobile lamellae between the primary
stacks [39]. Earlier studies on crystallization have led
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Figure 7 Differential scanning calorimeter (DSC) thermograms
corresponding to a internal and b external regions of PP/amide
composites aged at 90 °C for different times. ¢ Internal and
b external regions of PP/Si composites aged 90 °C for different

to the conclusion that rearrangement, such as sec-
ondary crystallization of semicrystalline polymers,
could be related to the changes in the crystalline and
amorphous parts of the samples with thermal aging.
The lament amorphous regions have a particular
mobility, which implies restricted motion owing to
the entanglement of lamellar stacks in the intercrys-
talline regions. Hence, a slight increase in the heat of
fusion of the samples was observed at different
thermal conditions, as shown in Fig. 7a—d. These
changes are considered evidence of the heat of fusion
of the samples at different thermal conditions.

This increase in the heat of fusion is a direct indi-
cation of the crystallinity of the samples. Figure 7e—f
shows a linear relationship between the heat of fusion
and crystallite size of the samples thermally aged at
90 °C for 0, 24, 48, and 72 h. A universal method for
measuring the degree of crystallization can be
obtained by integrating the area under the endotherm
and by dividing it by the heat of fusion of 100%
crystalline PP (AH100% =~ 207 J/g).

Table 54 lists the DSC results, including the melt-
ing peak temperature (Tm), crystallization peak
temperature (Tc), heat of fusion (AHm), and degree

Temperature (°C)

Crystallite size (nm)

times. Relationship between heat of fusion (J/g) and crystallite size
(nm) of e PP/amide composites and f PP/Si composites aged at
90 °C for different times (0-72 h).

of crystallinity (Xc). Notably, the thermal aging of the
samples at 90 °C did not significantly affect the Tm
and Tc. Moreover, with aging time, the heat of fusion
and degree of crystallinity changed slightly. This was
attributed to the modifications of the crystalline and
amorphous regions without any structural changes.
Therefore, the results implied that the increase in
the melting enthalpy was related to the increase in
crystallite size and the reduction of amorphous frac-
tions in the sample. It was demonstrated that an
amorphous component, such as slip agents, with
limited solubility in the matrix migrates and coagu-
lates at the sample surface, thus affecting the
appearance of the final product and reducing the
function of the slip agents. A schematic of the pro-
posed mechanism of crystallization—migration
occurring in the PP/slip agent composites subjected
to accelerated aging is shown in Fig. 8. The crystal-
lization behavior, crystallization size increase, melt-
ing enthalpy, and the proposed -crystallization—-
migration mechanism were investigated through
EDS mapping. As shown in Figs. 9 and 10, which are
SEM/EDS mapping of PP/slip agent composites,
amide and Si were partially found on the external
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Figure 9 FESEM/EDS mapping showing the distribution of carbon (C), oxygen (O), and nitrogen (N) on the PP/amide composites aged
at 90 °C for different times. a 0 h, b 24 h, ¢ 8 h, d 72 h of internal, e 0 h, f 24 h, g 48 h, h 72 h of external.

surface of the PP/slip agent composites at an aging
time of 0 h, but a significant amount was observed as
the aging time increased. These results insist that the
nanoadditive migrates to the outside due to the
increased crystallite size by changes in crystallinity
and heat of fusion. This also demonstrates the
mechanism of crystallization—migration in Fig. 8.
Many parameters can be used to evaluate the
scratch performance of polymeric materials. Different
methods, such as the ASTM/ISO method, which is
based on the critical load level at the onset of scratch
visibility, and the Erichsen method, which is based
on the difference in brightness of the sample surface
before and after the scratch test, named lightness (L*),
are used to evaluate the material scratch perfor-
mance. The worse the scratch resistance of the
material is, the larger the value of L*. Although there

@ Springer

is no straightforward correlation between these two
parameters, the value of L* is considered a good
qualitative index for evaluating the scratch resistance
under a certain load level. In addition, the scratch
resistance denotes the ability of a material to with-
stand abrasive interactions with another body. This is
not the same as the abrasion resistance and wear
commonly addressed in the literature. A scratch was
created when the material was subjected to an
indentation force. When a scratch is developed, an
uneven surface results in nonuniform light scattering
and “scratch whitening,” especially for filled
materials.

Figure 11a—d shows the variation in L* of the PP/
slip agent composites with aging time and the cor-
relation between L* and the surface roughness,
respectively. As observed, for the sample with the Si
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Internal

External

Figure 10 FESEM/EDS mapping showing the distribution of carbon (C), oxygen (O), and silicon (Si) on the PP/Si composites aged at
90 °C for different times. a 0 h, b 24 h, ¢ 48 h, d 72 h of internal, e O h, £ 24 h, g 48 h, h 72 h of external.
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Figure 12 Optical microscope images of PP/amide composites aged at 90 °C with a 0 h, b 24 h, ¢ 48 h, d 72 h and PP/Si composites

aged at 90 °C with e 0 h, £ 24 h, g 48 h, h 72 h.

slip agent, the L* value decreased with aging time
because of the migration of the slip agent to the
surface. However, for the sample with the amide slip
agent, the L* value continually decreased up to 48 h
of aging, after which it increased owing to the
evaporation of the slip agents (Fig. 11a-b). At the
same level of normal scratch load, the L* value
increased with the broadening of the surface rough-
ness (Fig. 11c-d). When the scratch tip moves on a
material with poor scratch resistance, the tangential
force between the tip and the substrate produces
severe deformation/damage. Figure 12 shows an
optical microscope image of the surface after
scratching. Scratch whitening was not observed for
both PP/amide composites and PP/Si composites at
an aging time of 0 h; however, as shown in the cor-
relation between L* and the surface roughness in
Fig. 11, scratch whitening was observed as the slip
agent migrated on the surface by aging time.

Conclusions

In this study, the characteristics of slip agent migra-
tion on the surfaces of PP/slip agent composites
subjected to accelerated aging were investigated, and
the following conclusions were drawn.

1. The increase in the average crystallite size was
attributed to the migration of slip agents owing to

@ Springer

thermal aging for 0-72 h. Accelerated thermal
aging caused an increase in the size of the
crystallites in the external and internal regions
of the composites. Consequently, the relationship
between the crystallite size and the extent of
migration of the slip agent on the surfaces of the
PP/slip agent composites was found to be linear.
The increase in the heat of fusion was a direct
indication of thicker lamellae and higher crys-
tallinity. An increase in the heat of fusion with an
increase in the thermal aging time leads to the
formation of “secondary lamellae” with an
increase in the thermal aging time. In addition,
the extent of migration was proportional to the
melting enthalpy and crystallite size of the PP/
slip agent composites during accelerated aging.
As observed from the lightness and surface
roughness analysis data, the L* value decreased
with aging time because of the migration of the
slip agent to the sample surface. For the sample
with the amide slip agent, the L* value first
decreased and then increased (after 48 h) because
of the evaporation of the slip agent. At the same
level of normal scratch load, the L* value
increased with the broadening of the surface
roughness.

Close-up images, XPS profiles, and SEM/EDS
mapping images of the PP/slip agent composites
aged at 90 °C for different times (0-72 h) revealed
the presence of slip agents on the surfaces of the
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composites; notably, the amide slip agent
migrated within a short period. In addition, in
the composites, the migration of the Si slip agent
was found to be more stable and slower than that
of the amide slip agent.
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