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ABSTRACT
Polypropylene (PP) homopolymers and copolymers play a pivotal role in the plastics industry. With applications spanning au-
tomotive components, electronic housings, construction materials, and food packaging, understanding their thermal trans-
port properties is essential. This study investigates the impact of a highly efficient 1,3,5-benzenetrisamide (BTA) nucleator 
(N,N′,N″-tris(3-methylbutyl)benzene-1,3,5-tricarboxamide) on the thermal diffusivity of injection- and compression-molded 
propylene-ethylene random copolymer (racoPP). Results are compared with those for a less efficient BTA (N,N′,N″-tris(n-butyl) 
benzene-1,3,5-tricarboxamide) and a control sample without additives. We supplement our thermal characterizations with x-ray 
diffraction (XRD) and small-angle x-ray scattering (SAXS) analyses and demonstrate that the processing method and the pres-
ence of BTAs can impact the crystallinity and orientation of the PP lamellae. However, the thermal diffusivity of racoPP exhibits 
remarkable resilience to these changes, ensuring the consistent performance that is often required in industrial applications.

1   |   Introduction

Polypropylene (PP) is one of the most widely applied plastics 
worldwide [1]. It shows low density, great mechanical prop-
erties, and thermal resistance at low costs. These properties 
strongly depend on the microstructure and morphology of 
the PP object, which can be controlled by the processing pa-
rameters and by the addition of suitable additives and fillers 
[1, 2]. Controlling and promoting the nucleation in PP and in 
related copolymers is used to reduce the cycle time during 
processing and to improve its mechanical and optical prop-
erties [3]. This includes the increase of flexural strength and 
modulus, tensile strength and modulus, impact resistance, ri-
gidity, clarity, reduction of haze, and even the enhancement of 

charge-storage properties [4–9]. Injection molding represents 
one of the most applied industrial manufacturing methods for 
PP. The polymer is heated until melting and injected into a 
cold mold, where it solidifies into the shape of the mold [1, 10]. 
Thereby, the process parameters, such as temperature, shear 
force, cooling rate, and pressure, all affect the properties of 
the obtained PP product. Owing to the semicrystalline nature 
of iso-tactic PP (iPP), this includes the ratio of the crystal mod-
ifications (α, β, γ), the ratio of the amorphous to crystalline 
phase, the presence and size of three-dimensional spherulites, 
oriented lamellar crystallites, shish-kebab structures, and gra-
dients and blends of such morphologies [2, 10–14]. Due to these 
numerous levers affecting the polymer's microstructure and 
thereby its properties, many papers address injection-molded 
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PP and, thereby, add another important aspect to the complex 
topic [8, 11, 13, 15–19]. Particularly, the temperature evolution 
upon cooling an iPP melt is critical for the crystal nucleation 
and crystal growth rate and, therefore, decisive for the crys-
tallite microstructure [2, 10, 11]. Increasing the cooling rate, 
for instance via thermally conductive fillers, can significantly 
increase the number of nucleation sites [2, 10]. A similar effect 
can be achieved by adding nucleating agents to the polymer 
melt. The nucleators raise the crystallization temperature 
and accelerate crystal nucleation by providing numerous het-
erogeneous nucleation sites in the melt. This leads to smaller 
spherulite sizes [5–7, 19]. In addition to the nucleation via het-
erogeneous additives, shear can induce orientation-induced 
primary iPP nuclei. They lead to accelerated crystallization 
and oriented lamellar structures (kebab structures) perpen-
dicular to the flow direction. Note that the primary nuclei may 
be long fibrillar extended chain crystals (shish structures), but 
they may also be small clusters of aligned chains. Hence, the 
evolution of shish structures is not necessary for the formation 
of oriented kebab structures. Furthermore, the extent of crys-
tal orientation is dependent on factors such as the molecular 
weight distribution, the strain, and the shear rate [12].

1,3,5-Benzenetrisamide (BTA) derivatives represent an excellent 
and versatile family of nucleating agents. The good solubility of 
several BTA types in an iPP melt ensures a homogeneous distri-
bution of the additive. Even at very low weight fractions, these 
additives can significantly enhance nucleation and induce high 
transparency and clarity of iPP [4, 7, 20–22]. Furthermore, de-
pending on the chosen BTA, different crystal modifications of 
iPP can be selectively induced [20, 23]. Here, we focus specifi-
cally on their nucleation effect in a propylene-ethylene random 
copolymer (racoPP). RacoPPs contain a small amount of eth-
ylene as a comonomer and can be regarded as iPP, with the co-
monomer acting as defects in the polymer chain sequence [24]. 
As a result, racoPPs have a lower melting point, higher trans-
parency, and improved toughness compared with iPP, while 
supramolecular nucleating agents, such as distinct BTAs, re-
main similarly effective [1, 21]. As the polymer melt cools, the 
BTA molecules crystallize into finely dispersed, highly ordered 
fibrils. Based on lattice matching, BTA crystals serve as effi-
cient nucleation sites for the racoPP, fostering epitaxial growth 
[21, 22, 25, 26]. Consequently, BTAs represent a highly interest-
ing additive in various applications, and their influence on the 
melt temperature, optical, and mechanical properties is inten-
sively studied, along with desired effects. The influence of the 
PP microstructure on the thermal conductivity of the resulting 
macroscopic objects has, however, been scarcely studied up to 
now. The widespread utilization of PP copolymers in electronic 
housings, automotive components, or food packaging necessi-
tates an understanding of its thermal transport properties. One 
must be aware that processing, post-processing, and the addi-
tion of nucleating agents may impact the thermal transport 
characteristics. Herein, it is our objective to provide clarity on 
this matter. We investigate how the presence of N,N′,N″-tris(iso-
pentyl)benzene-1,3,5-tricarboxamide (iPe-BTA), which is 
known to efficiently nucleate iPP, affects the thermal diffusivity 
of injection-molded racoPP. It is compared with N,N′,N″-tris(n-
butyl)benzene-1,3,5-tricarboxamide (nBu-BTA), a structurally 
similar BTA additive that has a low nucleation capability, and 
with no additive at all [20, 21]. The chemical structure of the 

chosen BTAs is shown in Figure 1a. Moreover, we explore the 
influence of further processing by pressing the injection-molded 
samples into thin films and subsequently compare the thermal 
diffusivities once again. These assessments are supported by 
structural analyses to unveil the potential presence of an under-
lying structure–property relationship.

2   |   Results and Discussion

2.1   |   Injection-Molded Samples

To comprehensively study the influence of the BTAs on the 
racoPP morphology, a series of injection-molded samples were 
prepared with a diameter of approximately 27.0 mm and a 
thickness of about 1.1 mm. Three BTA concentrations were se-
lected: 0.5 wt%, 0.1 wt%, and 0.05 wt%, which ensure a sufficient 
amount of BTA for the formation of nanofibrils in the racoPP 
while maintaining good processability for injection-molding. X-
ray diffraction (XRD) analysis was performed to assess the im-
pact of the BTAs on the polymer's crystallinity. The results for 
a concentration of 0.5 wt% are exemplarily shown in Figure 1b. 
Although the difference in the calculated crystallinities is small, 
and the absolute values should be interpreted with caution, their 
comparison follows the expected trend: RacoPP with iPe-BTA 
exhibits the highest relative crystallinity (46%), followed by ra-
coPP containing nBu-BTA (41%), and finally neat racoPP (38%) 
(Figure  S1). The reflections below 10°, visible for the samples 
containing nBu-BTA or iPe-BTA, correspond to the most in-
tense reflections of BTA nanocrystallites. They demonstrate 
that the BTA molecules are self-assembled rather than being 
molecularly dispersed within the polymer. These supramolecu-
lar nano-objects of either BTA type function as nucleation sites 
in the polymer melt, hereby lowering the energy barrier for the 
polymer nucleation [21, 22]. The differences between the two 
types of BTA may be reasoned by a superior nucleation perfor-
mance of iPe-BTA compared with nBu-BTA. We confirm this by 
studying the crystallization behavior of racoPP in the presence 
of the additives, showing a higher crystallization temperature of 
racoPP with iPe-BTA than with nBu-BTA (Figure S3). It is gen-
erally acknowledged that lattice matching is a prerequisite for 
the nucleation capability of additives; thus, we can attribute the 
difference in nucleation performance to a better lattice match of 
iPe-BTA with racoPP than nBu-BTA with racoPP [21, 26].

Small-angle x-ray scattering (SAXS) measurements of injection-
molded samples supplement the data on the Ångström range 
by the nanometer length scale. Figure 1c shows the SAXS pat-
terns of three injection-molded racoPP samples with different 
concentrations of iPe-BTA. Hereby, we distinguish three sample 
positions, which were exposed to different shear rates during 
processing. “top” represents a point in the top-third of the sam-
ple that is furthest away from the inlet where the material is in-
jected during processing. “middle” represents the center point of 
the circular sample and “bottom” is in the center of the bottom-
third, closest to the inlet. All samples and all sample positions 
show a pronounced anisotropy in the SAXS pattern, character-
ized by broad meridional maxima. During injection-molding the 
BTAs form thin columnar structures, which are oriented in the 
direction of the flow. These function as nucleation sites for epitax-
ial growth of racoPP [22, 25]. As a result, kebab structures with 
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an orientation perpendicular to the flow direction evolve, which 
is mirrored in the dumbbell-like intensity distribution of the 
SAXS patterns. The meridional maxima are most pronounced at 
positions closest to the inlet for all three concentrations. As the 
distance increases, their distinctiveness diminishes, giving rise 
to a more circular intensity distribution. The concentration of 
0.1 wt% iPe-BTA initially appears to be an exception, as the top 
position exhibits a more anisotropic pattern compared with the 
middle position. However, this initial impression does not hold 
true. A more detailed examination at various positions across 
the injection-molded racoPP sample with 0.1 wt% iPe-BTA re-
veals a general increase in the azimuthal intensity distribution 
with growing distance from the inlet (Figure S4). Consequently, 
the deviation observed at the middle position in Figure  1c is 
likely attributable to a more amorphous region of the sample 
being probed by the x-ray, which reduces the signal intensity at 
this specific position and gives the misleading appearance of an 
outlier. A slightly higher crystallinity at the bottom of the sam-
ple (48% for 0.5 wt% iPe-BTA) compared with the top (45% for 

0.5 wt% iPe-BTA) implies a higher concentration of orientable 
lamellar structures near the inlet. More importantly, higher 
shear flow near the inlet enhances the orientation of the fibril-
lar nucleation sites. Therefore, with increasing proximity to the 
inlet, a larger fraction of the existing lamellar crystallites has 
a preferred orientation. Comparing the different concentrations 
at the same measurement positions (excluding the apparent 
outlier) reveals that all samples produce similarly anisotropic 
patterns. In the case of 0.5 wt%, the absolute scattering inten-
sity is slightly reduced. We do not attribute this observation to 
the degree of crystallinity, as the values for the samples with 
0.05 wt%, 0.1 wt%, and 0.5 wt% iPe-BTA are comparable, at 44%, 
46%, and 46%, respectively. Therefore, slight variations in the 
specimen thickness, the instrumental setting, or the scattering 
contrast might be the reason for the reduced scattering intensity 
at 0.5 wt%.

In Figure 1d the patterns of neat racoPP are compared with those 
containing 0.5 wt% BTA. The results for neat racoPP show that 

FIGURE 1    |    (a) Molecular structure of the utilized nBu-BTA and iPe-BTA. (b) XRD of injection-molded neat racoPP, racoPP with 0.5 wt% nBu-
BTA and with 0.5 wt% iPe-BTA. Intensities are normalized to the highest peak. (c) 2D SAXS patterns of injection-molded racoPP with variation in 
iPe-BTA content and sample position (with “top” furthest from the inlet, “bottom” closest to the inlet and “middle” in between). (d) 2D SAXS patterns 
of injection-molded neat racoPP, racoPP with 0.5 wt% nBu-BTA and with 0.5 wt% iPe-BTA at different sample positions. The colors are crucial for dis-
playing the results, especially in c and d, to visualize differences in the SAXS patterns. The colors in b and the frames in c and d help to distinguish 
the sample types.
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anisotropy is not solely based on the presence of BTA, but the 
BTA addition merely enhances the orientation of PP crystallites. 
Especially, the SAXS pattern obtained from the bottom position 
exhibits reflexes of greater intensity along the meridional direc-
tion, suggesting that the lamellar PP crystallites have grown in 
the perpendicular flow direction. This can be attributed to the 
alignment of chain segments in the direction of the flow, lead-
ing to the formation of primary nuclei. The absence of a hor-
izontal streak indicates that these nuclei are not long fibrillar 
shish crystals; instead, they likely represent smaller clusters of 
aligned chains. Lamellar PP structures grow perpendicularly 
from these oriented nuclei in a secondary crystallization stage 
[12]. Nevertheless, this orientation of lamellar PP structures 
is more dominant when a nucleating agent is added to the ra-
coPP melt. The nBu- and iPe-BTA both lead to meridional max-
ima, which are clearly visible for all measurement positions. 
The sample containing iPe-BTA leads to the most pronounced 
high-intensity reflexes at the bottom and middle sample posi-
tions. This observation is attributed to the superior nucleation 
capability of iPe-BTA compared with nBu-BTA, as evidenced by 

FIGURE 2    |    Thermal diffusivity α of an injection-molded neat ra-
coPP specimen and racoPP specimens with varying content of nBu-BTA 
and iPe-BTA, obtained by LFA. Measurements are performed on cylin-
ders measuring 1 cm in diameter, cut from the top and bottom halves of 
the original injection-molded samples.

FIGURE 3    |    Structural characterization of neat racoPP (gray), racoPP with 0.5 wt% nBu-BTA (blue) and racoPP with 0.5 wt% iPe-BTA (orange). 
(a) XRD patterns comparing the injection-molded and compression-molded samples. Intensities are normalized to the highest peaks. (b) IR spectra 
of the compression-molded samples at the bottom-middle position using polarized incident IR radiation. (c) 2D SAXS patterns of the compression-
molded samples at the designated positions (white boxes indicating the orientation of intensity maxima).
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the higher crystallization temperature of racoPP with iPe-BTA 
versus nBu-BTA (Figure S3). In summary, the lamellar polymer 
structures in injection-molded racoPP are oriented perpendicu-
larly to the flow direction. This orientation and its extent, how-
ever, depend on the position within the sample and the addition 
or omission of a BTA nucleating agent.

We verified whether the structural differences between the sam-
ple positions and the sample types affect the through-plane ther-
mal diffusivity, using light flash analysis (LFA). Figure 2 shows 
the obtained results for cylindrical samples with a diameter of 
1 cm obtained from the top and bottom halves of each injection-
molded specimen.

Comparing the values for the top and bottom of the samples, no 
correlation between thermal diffusivity and specimen position 
can be found, although SAXS determined differences in struc-
tural anisotropy. The reason for this could be that the observed 
structural anisotropy reflects an in-plane crystallite orientation, 
whereas LFA probes the through-plane thermal diffusivity of the 
samples perpendicular to the flow direction during injection mold-
ing. Also, there is no discernible trend in thermal diffusivity with 
varying BTA concentrations. This aligns with the consistency ob-
served in the XRD measurements conducted across different BTA 
concentrations (Figure S2). The variations in thermal diffusivity 
among neat racoPP, racoPP with 0.5 wt% nBu-BTA, and racoPP 
with 0.5 wt% iPe-BTA are also subtle, below 0.04 mm2 s−1, despite 
the differences in crystallinity. It appears that these differences are 
not sufficient to induce notable changes in through-plane thermal 
transport. We suspect that the amorphous components predomi-
nantly govern phonon propagation and, therefore, limit thermal 
diffusivity, even for samples with high crystallinity [27]. All in all, 
through-plane thermal diffusivity of the injection-molded sam-
ples is independent of factors such as sample position, BTA con-
centration, or BTA type.

2.2   |   Compression-Molded Samples

To obtain thin films from the injection-molded specimens, we 
performed compression molding at a temperature of 180°C, 
which is well above the melting point of racoPP. After gradu-
ally cooling the samples to 90°C under pressure, films with a 
thickness of approximately 0.1 mm were obtained. Infrared (IR) 
spectroscopy, XRD, and SAXS measurements were conducted 
to analyze the effect of the pressing process on the racoPP struc-
ture (Figure 3).

Figure 3a compares the XRD results before and after compres-
sion molding of the neat racoPP, racoPP with 0.5 wt% nBu-BTA, 
and racoPP with 0.5 wt% iPe-BTA. Due to the slower cooling 
rate of the pressed specimens in contrast to the injection-molded 
samples, all thin films exhibit an increased degree of crystallin-
ity compared with their injection-molded counterparts. For ra-
coPP with iPe-BTA and neat racoPP, the crystallinities increased 
to 57% and 54%, respectively, which can be well explained by 
enhanced crystal growth for slow cooling rates. The crystallin-
ity of compression-molded racoPP with nBu-BTA lies beneath 
those values at 50%. In addition, the presence of an additional 
reflex at about 20° shows the formation of a certain fraction of 
the γ modification of racoPP, caused by the shear stress and low 

cooling rate during compression molding [28]. The persistence 
of the peaks below 10° for the samples containing a BTA nucle-
ating agent verifies that the BTA crystal structures are present 
within these compression-molded samples.

Polarized IR spectroscopy offers insights into the orientation of 
the polymer chains. Since specific vibrational modes of PP are 
polarized, the absorption of the corresponding frequencies re-
lies on the polarization angle of the incident radiation [29]. The 
full spectra of all measured samples and sample positions with 
light polarized by 0°, 30°, 60°, and 90° are provided in Figure S5. 
The IR spectra of neat racoPP and racoPP containing 0.5 wt% 
nBu-BTA do not show a dependency on the polarization angle 
of incident radiation (Figure 3b). This points towards an isotro-
pic orientation of the PP chains in these samples. In the spectra 
of racoPP with 0.5 wt% iPe-BTA, slight differences can be seen 
when utilizing light polarizations ranging from 0° to 90°. As the 
polarization angle of the incident light decreases, the absorp-
tion of parallel-polarized frequencies (π) increases, whereas 
the absorption of perpendicular-polarized frequencies (δ) de-
creases. Although these changes are subtle, the example bands 
in Figure  3b, corresponding to the perpendicular-polarized 
mode at 1218 cm−1 and the parallel-polarized mode at 1256 cm−1, 
demonstrate the dependence on incident light polarization [29]. 
Similar observations are noted across the other sample positions 
of racoPP containing 0.5 wt% iPe-BTA. This result indicates that 
the presence of iPe-BTA leads to a weak but observable prefer-
ence for the orientation of the PP chains and thus of the lamellar 
crystallites. IR spectroscopy is supplemented by 2D SAXS at 11 
measurement positions per sample, evenly distributed to cover 
the top, center, and bottom of the specimen. In Figure 3c, a rep-
resentative selection of three measurement points taken from 
the right-hand side of each sample is shown (top-right, middle-
right, bottom-right). Details on the locations of the measure-
ment points and the SAXS patterns for all sample positions are 
provided inFigures S6 and S7. The 2D SAXS data corresponding 
to neat racoPP and racoPP with nBu-BTA show consistent inten-
sity maxima across the entire azimuthal angle range, resulting 
in a circular SAXS pattern. This demonstrates an isotropic dis-
tribution of the lamellar crystallites, which is consistent with the 
isotropic orientation of the PP chains revealed by IR spectros-
copy. Although the PP chains are aligned within the individual 
crystallites, the crystallites themselves are small relative to the 
area analyzed by IR spectroscopy and are oriented randomly. 
This results in an overall appearance of isotropic PP chain ori-
entation when examined using IR spectroscopy. As discussed, 
the XRD data show crystalline nBu-BTA after pressing the sam-
ples. However, the preferential spatial orientation of the PP crys-
tallites was lost during the compression-molding step. Several 
possible reasons must be considered: Either the nBu-BTA as-
semblies are not aligned during compression molding, or the 
nBu-BTA assemblies are oriented, but the supramolecular ad-
ditive does not dominate the nucleation process. Looking at the 
iPe-BTA, we may gain some clues on the most relevant contribu-
tion to this loss of orientation. The measurements conducted on 
racoPP with 0.5 wt% iPe-BTA reveal broad meridional maxima, 
being distinctly different from the neat racoPP and the case of 
nBu-BTA. These results are consistent with the IR spectroscopic 
data. Considering the similarity between nBu-BTA and iPe-BTA 
in inducing crystallite orientation within the injection-molded 
samples, no difference in the orientation of the supramolecular 
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assemblies consisting of nBu-BTA or iPe-BTA is expected in the 
compression-molded specimens. However, the cooling kinetics 
is much slower in this case, allowing for significant differences 
in the nucleation and growth mechanism of racoPP. Since nBu-
BTA is a less effective nucleating agent for PP and shear is absent 
during polymer crystallization, we suspect that the intrinsic 
self-nucleation of racoPP plays a dominant role [20, 21]. This 
leads to randomly oriented crystallites and competes with the 
nBu-BTA nucleation sites, leading to an isotropic SAXS pattern.

The orientations of the dumbbell-like maxima determined for 
racoPP with 0.5 wt% iPe-BTA are highlighted by white rectangles 
(Figure 3c). They are all oriented perpendicularly to the sample 
edge, indicating a respective coplanar orientation of the PP lamel-
lae. This result is attributed to the outward flow of the PP melt 
during the pressing process. The flow profile orients the BTA fi-
brils outwards to the center. As the lamellae grow perpendicularly 
to the BTA nuclei, they result in a coplanar arrangement with re-
spect to the sample edge, which we observe in the SAXS patterns.

The low thickness of the samples allows measuring the in-plane 
thermal diffusivities using lock-in thermography (LIT). This 
technique is based on periodic heating of the thin film using a 
focused point laser, while the temperature distribution is moni-
tored with an IR camera. Fourier Transformation is applied, and 
the obtained amplitude and phase data are linearized relative 
to the distance from the center of the heat source. The thermal 
diffusivity is then calculated using the so-called slope method 
[30, 31]. The compression-molded racoPP films without BTA, 
with 0.5 wt% nBu-BTA, and with 0.5 wt% iPe-BTA are measured 
in the bottom third, middle third, and top third of the samples. 
All measurements yield an isotropic amplitude and phase sig-
nal, as exemplified by the bottom segment of the racoPP sam-
ple containing 0.5 wt% iPe-BTA (Figure  4a). This shows that 
the preferential orientation of lamellar structures, as confirmed 
by 2D SAXS, does not result in anisotropic thermal transport. 
Amorphous regions between the crystalline PP lamellae act as a 
bottleneck for thermal transport [27]. Apparently, even for high 
crystallinities, amorphous regions persist in all directions and 
uniformly limit phonon propagation. Within the boundaries 
of the processing parameters explored in this study, processing 

racoPP with or without a nucleating agent does not result in 
anisotropic heat transport.

In Figure  4b the obtained thermal diffusivity values are pre-
sented. Given that structural anisotropy does not dictate a pre-
ferred direction for heat transport, it is unsurprising that the 
diffusivity remains consistent across different sample positions. 
Slightly elevated values are observed in the sample contain-
ing 0.5 wt% iPe-BTA compared to those with nBu-BTA or neat 
racoPP. However, the difference is too marginal to be deemed 
significant. Overall, a consistent thermal diffusivity is apparent 
across variations in nucleating agent and sample position.

Careful consideration is needed when comparing the through-
plane thermal diffusivity obtained by LFA with the in-plane 
thermal diffusivity measured via LIT, as these methods are 
inherently based on different measurement principles. Despite 
the limitations of LFA to the thick injection-molded specimens 
and LIT to thin films, the ability to measure both provides valu-
able insights. It is notable that the thermal diffusivity of the 
injection-molded samples is slightly lower than the thermal dif-
fusivity of the pressed samples. This may be attributed to the 
higher crystallinity of the compression molded (50%–57%) com-
pared with the injection-molded samples (38%–46%), but may 
also be reasoned by the inherent differences of the measurement 
techniques. More importantly, it is evident that the results of all 
performed thermal diffusivity measurements lay within the 
small range of 0.10–0.15 mm2 s−1. Taking the heat capacity and 
density of racoPP into account, this leads to thermal conduc-
tion values between 0.15 and 0.22 W (m K)−1, regardless of the 
processing or the addition of BTA. Furthermore, the structural 
anisotropy, driven by the in-plane orientation preference of the 
PP lamellae, is not reflected in either the through-plane or in-
plane thermal transport direction. This can be attributed to the 
amorphous regions, which uniformly limit the phonon propa-
gation and, therefore, function as bottlenecks for thermal trans-
port [27]. For industrial applications of racoPP, this resilience of 
thermal transport represents a practical advantage. Whether the 
material is injection-molded, pressed into thin films, or whether 
BTAs are added to alter optical and mechanical properties, there 
is no need to be concerned about a preferred direction of heat 

FIGURE 4    |    LIT of compression-molded samples with a thickness of 0.1 mm. (a) Amplitude and phase signal obtained for compression-molded 
racoPP containing 0.5 wt% iPe-BTA. (b) Thermal diffusivity α of an injection-molded neat racoPP specimen and racoPP specimens with 0.5 wt% nBu-
BTA and 0.5 wt% iPe-BTA. Five locations on each sample part (top, middle, and bottom) were probed.
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transport or significant changes in the magnitude of thermal 
conduction.

3   |   Conclusion

The impact of BTA additives on the thermal diffusivity of ra-
coPP was assessed. Hereby, neat racoPP was compared with 
racoPP containing the efficient nucleating agent iPe-BTA and 
racoPP containing the less efficient nucleating agent nBu-BTA. 
The specimens were additionally classified into injection-
molded and compression-molded samples to analyze potential 
processing effects. Structural information was obtained using 
XRD, SAXS, and IR spectroscopy. The results demonstrate that 
the crystal structure of racoPP is notably influenced by both pro-
cessing method and the presence of BTAs. Differences in crys-
tallinity and orientation of the PP lamellae were determined. On 
the contrary, the thermal diffusivity of racoPP exhibits remark-
able resilience to such changes. Although it limits the ability to 
easily tune thermal transport, it also ensures the consistent per-
formance that is often required in industrial applications.

4   |   Experimental

4.1   |   Sample Preparations

N,N′,N″-tris(3-methylbutyl)benzene-1,3,5-tricarboxamide (iPe-
BTA) and N,N′,N″-tris(n-butyl) benzene-1,3,5-tricarboxamide 
(nBu-BTA) were synthesized and characterized as described 
previously [32]. RD208CF (Borealis AG), a random polypropyl-
ene copolymer (racoPP), was obtained as a fine powder and used 
as received. Two powder masterbatches containing 2 wt% of the 
supramolecular additives were prepared by carefully mixing 
23.52 g of the racoPP with 0.48 g of the respective additive in a 
mortar.

Compounding was carried out at 230°C with a corotating twin-
screw microcompounder (Xplore 15 mL, [DSM]) under nitrogen 
atmosphere at a residence time of 5 min and a rotational speed 
of 40 rpm. Three different concentrations of each of the supra-
molecular additives in racoPP (0.5, 0.1, and 0.05 wt.%) were 
achieved by a dilution series. In the first step of this dilution 
series, 12.5 g of a master batch with a concentration of 2.0 wt.% 
of the additive was compounded until a homogeneous polymer 
melt was obtained. After discharging the polymer melt, approx-
imately 4.49 g of the molten polymer-additive mixture remained 
in the compounder, which was then diluted to the selected con-
centration by adding a corresponding amount of neat racoPP.

Injection molding was carried out using a microinjection-
molding machine, Xplore 12 mL (DSM). The barrel temperature 
of the injection-molding unit was set to 230°C. The homoge-
neous polymer melt was transferred from the compounder to 
the microinjection-molding machine and then injected into a 
polished mold at an injection pressure of 6 bar for the duration 
of 20 s, resulting in round-shaped platelets with a diameter of 
27 mm and a thickness of 1.1 mm. For each polymer-additive 
concentration, about five round specimens were obtained. 
Several neat racoPP round specimens were produced in the 
same way and used as references.

For the thin film preparation, we selected injection-molded 
racoPP specimens with additive concentrations of 0.05 wt%, 
0.1 wt%, and 0.5 wt% and a neat racoPP specimen as a reference. 
To produce homogeneous thin films, an injection-molded plate-
let was placed in the center of a Teflon spacer with a diameter 
of 90 mm and a thickness of 0.1 mm and sandwiched between 
two Kapton foils. The sandwich was placed in a two-column lab 
press (PW 20 H HKP300-ø165, PO Weber GmbH) at 180°C and 
loaded with a force of 2.5 kN for 3 min. The force was then in-
creased to 15 kN, and the press was slowly cooled to 90°C within 
approximately 35 min before the thin sample was removed from 
the press. The resulting samples have a diameter of 89.5 mm and 
a thickness of 0.1 mm.

4.2   |   Characterization by XRD, SAXS, IR 
Spectroscopy, Differential Scanning Calorimetry, 
and Helium Pycnometer

XRD was performed via a Bragg–Brentano geometry Empyrean 
diffractometer by Malvern Panalytical BV in spinning mode. It 
is equipped with a pixel detector using a copper Kα (λ = 1.54 Å) 
radiation source. The instrument provides the software 
Pananlytical's Highscore Plus for data analysis. The crystallinity 
of the processed racoPP samples was estimated by integrating 
the relative intensities of the Bragg reflections and amorphous 
halos [33]. Examples are given in Figure S1.

SAXS measurements were performed on a lab-based Double 
Ganesha AIR system by SAXSLAB/Xenocs. This system is 
equipped with a copper rotating anode (MicroMax 007HF by 
Rigaku Corporation λ = 1.54 Å) and position-sensitive Pilatus de-
tectors from Dectris Ltd (300 K for SAXS).

Polarized broadband IR spectroscopy was applied with a Vertex 
70 by Bruker Corporation in combination with a corresponding 
polarizer.

DSC measurements were performed on a Discovery DSC 2500 by 
TA Instruments Inc. The heat capacity of racoPP was determined 
to be 1.819 ± 0.004 J (g K)−1. It was calculated from three mea-
surements, all according to the American Society for Testing 
and Materials (ASTM) E1269 standard. The crystallization peak 
temperatures of racoPP were determined during cooling at a rate 
of 20°C/min, under nitrogen, after holding at 230°C for 15 min.

To determine the density of racoPP, a small amount of the 
injection-molded sample was measured with an Ultrapyc 1200e 
helium pycnometer by Quantachrome Instruments. The average 
density was calculated to be 0.815 ± 0.003 g cm−3 using 25 indi-
vidual measurement results.

4.3   |   Lock-In Thermography

Each compression-molded sample was coated with a thin layer 
of carbon (10–20 nm) on both sides. They were excited period-
ically with a frequency of 1.3 Hz using a point laser (51nano-
N520-0.9-O05-P-12-4-28-0-150) by Schäfter + Kirchhoff GmbH 
with a power of 0.9 mW. The temperature evolution was mon-
itored with an ImageIR 9430 research IR camera by InfraTec 
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GmbH, with a spectral window ranging from 1.5 to 5.5 μm. It 
was mounted with an M = 1.0× microscopy objective. The ex-
periments were performed in a vacuum chamber (p ≤ 0.02 mbar) 
containing an optically transparent N-BK7 glass window to 
minimize convective heat losses. The time–temperature data 
were converted by Fourier transformation to an amplitude and 
phase signal via the IRBIS software provided by InfraTec GmbH. 
The linearized amplitude and phase signals as a function of the 
distance from the excitation point of the laser were then used to 
obtain the thermal diffusivity (slope method).
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