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Abstract. In order to improve the impact toughness of polyamide 1012 (PA1012) by reducing the amount of hydrogen bond-
ing resulting from PA1012 itself, 3-pentadecylphenol (PDP) was considered to be added into PA1012 using melting extrusion.
The hydrogen bonding interaction between PA1012 and PDP was characterized by Fourier transform infrared spectroscopy
(FTIR) and nuclear magnetic resonance (NMR). The effects of PDP on the crystallization, melting process, and mechanical
behavior of PA1012 were tested in detail. The results show that the PDP can reduce the temperature of PA1012 crystallization
and melting but it can significantly improve elongation at break and impact toughness. The notched impact strength of the
PA1012/PDP composites containing 20 wt% PDP reached to 70.6 kJ-m2, which is about seven times that of the neat PA1012.
The effects of PDP on PA1012 properties is ascribed to hydrogen bonding interaction between hydrogen bonding between
phenol hydroxyl groups and amino groups on PA1012 chains. The deduction was also verified by adding acetylated 3-pen-
tadecylphenol (APDP) to modify PA1012. It is believed the research will open up new prospects for the wide application of
PA1012 toughening.

Keywords: thermoplastic composites. additive. toughness. dynamic-mechanical analysis. mechanical properties

1. Introduction Blending elastomer [8] or rubber [9] into polyamide
Polyamide 1012 (PA1012), as one of the most im-  (PA) is a conventional strategy. For example, poly
portant bio-based thermoplastic engineering materi-  (octene-co-ethylene) [10] and ethylene propylene
als [1, 2], has attracted extensive attention in indus-  diene monomer [7] have been selected to toughen
trial application and academic research due to its  polyamide by forming crazing and shear yield bands.
superior properties, including lower water absorp- Moreover, some inorganic fillers, such as carbon
tion, dimensional stability, excellent solvent resist- nanotubes (CNTs) [11] and tetra-needle-shaped zinc
ance and high strength [3—5]. Unfortunately, PA1012  oxide whiskers (T-ZnOw) [12], were proven to in-
is highly sensitive to notch and presents brittle frac-  crease the impact toughness of PA. Nevertheless,
ture behavior at severe loading conditions. Thus complex surface modification becomes necessary
limit the application of PA1012 in the fields of auto-  because the nano-inorganic particle is difficult to dis-
mobiles and medical, efc. [6, 7]. So, improving the  perse evenly in PA matrix [13]. In fact, it is different
impact toughness of polyamide has been extensively  from other polymers that the strong hydrogen bond-
focused on in recent years. ing within and between polyamide molecules is one
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important contributing factor to its low-impact tough-
ness [14]. Reduction of the intramolecular and inter-
molecular hydrogen bonding of polyamide may im-
prove its impact toughness. For instance, after the
intermolecular interaction between polyamide 1010
(PA1010) and polyurethane is formed, the intramol-
ecular hydrogen bonds interaction of PA1010 is re-
duced so that the impact strength of PA1010 is in-
creased after the addition of polyurethane [15].
Incorporating small molecular compounds with
some phenols and alcohol groups, can also form in-
termolecular hydrogen bonds with PA to improve its
impact toughness [16]. As a compound of natural
origin, 3-pentadecylphenol (PDP) has a phenol ring
with one pentadecyl (Cjs) chain, mainly exists in
cashew nut shells and has a wide range of sources
[17-19]. Intermolecular hydrogen bonds can form
between the phenol hydroxyl group and the amide
group of PA (Figure 1). In addition, the long chain
alkyl of PDP can increase the free volume of PA mo-
lecular chain and form branched structure to plasti-
cize to improve the impact toughness of PA. Our pre-
vious work on toughening of polyamide 612
(PA612) by PDP has confirmed the hypothesis.
However, this hypothesis still requires more experi-
mental evidence. Here, PA1012 was selected to
toughen by PDP. In addition, acetylated PDP were
used to further explore the significance of intermol-
ecular hydrogen bond for PA1012 toughening.

2. Experimental

2.1. Materials

The density of 1030 kg-m™ of PA1012 resin (B150)
was bought from Shandong Guangyin New Material
Co., Ltd. (China). PDP, a molecular weight of 304.52
(M, =304.52 g/mol, purity > 90%), was kindly sup-
plied from Shanghai Chemical Industry Develop-
ment Co., Ltd. (China). Dichloromethane (CH,Cl,,
CAS:75-09-2) was purchased from Sinophosphoric
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Chemical Reagent Co., Ltd. (China), Triethylamine
(CeHisN, CAS:121-44-8) was purchased from Shang-
hai Aladdin Biochemical Technology Co., Ltd.
(China), acetyl chloride (C,H3ClO, CAS:75-36-5)
was purchased from Shanghai McLean Biochemical
Technology Co., Ltd. (China), Anhydrous sodium
sulfate (Na,SO4, CAS:7757-82-6) acquired from
Shanghai Aladdin Biochemical Technology Co., Ltd.
(China).

2.2. Preparation of acetylated PDP (APDP)

In order to explore the toughening mechanism of
PDP on PA1012, the phenol hydroxyl group in PDP
was acetylated. The acetylation process is as follows.
Firstly, 12.18 g of PDP was dissolved in redistilled
dichloromethane with stirring, then 16.7 ml of tri-
ethylamine was added with a syringe. The reaction
was carried out in an ice bath, and subsequently,
6.3 ml of acetyl chloride was added dropwise under
magnetic stirring. After the reaction was complete,
the sample was poured into a separating funnel and
extracted with saturated NaCl. The extracts were
dried and filtrated successively by sodium sulfate
and vacuum filtration. The obtained sample was
further purified through rotary evaporation and col-
umn chromatography separation. The schematic di-
agram of acetylation process for PDP is shown in
Figure 2.
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Figure 2. Synthetic route of acetylated PDP.

rogen bond

Figure 1. Schematic illustration of H-bonding formation between PA1012 and PDP molecular chains.
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2.3. Preparation of PA1012/PDP composites
Prior to melt compounding, PA1012 pellets and PDP
powder were dried at 85 and 40°C overnight in a
vacuum oven, respectively. Then, the PA1012/PDP
and PA1012/APDP composites were prepared by a
twin screw extruder (SJZS-10A, Wuhan Ruiming
Experimental Instrument Manufacturing Co., Ltd.,
China) with an increasing temperature profile of
210-220°C at a screw speed of 30 rpm. Then, the
sample was shaped into dumbbell (75x5%2 mm) and
rectangle (80x10x4 mm) form for corresponding
mechanical property tests under 0.6 MPa and 225 °C
by a micro injection molding machine. The PDP in
the prepared composites are 5, 10, 20, 30 wt%, re-
spectively, and APDP loading are 20 wt%.

2.4. Characterization methods

NMR spectroscopy was performed on the Bruker
AVANCE 111400 (Bruker, Switzerland) instrument
using deuterated chloroform (CDCl3) as solvent.
Fourier transform infrared spectroscopy (FTIR)
(Spectrum Two, Perkin Elmer Instruments Co., Ltd.,
USA) of PA1012 and PA1012/PDP (APDP) were
executed by attenuated total reflectance (ATR) tech-
nique at room temperature. The scanning scope is
from 4000 to 400 cm™" and the resolution is 0.5 cm'.
Thermal analysis for all samples were performed on
a differential scanning calorimeter (DSC, TA Q20,
TA Instruments, USA) under N, atmosphere. Firstly,
the samples were heated to 230°C at a heating rate
0f 20°C-min~! and held for 3 min to remove thermal
history. Then, the samples were cooled to —20°C at
a cooling rate of 5°C-min~' and kept for 1 min. Fi-
nally, heated to 230°C at 20 °C-min".

The dynamic mechanical properties of all samples
were tested using a dynamic mechanical analyzer
(DMA, TA800, TA Instruments, USA) under liquid
nitrogen conditions. Before the dynamic mechanical
properties test, the splines of PA1012 and their com-
posites (60x10x4 mm) were dried in a vacuum dry-
ing oven at 85 °C, and then the splines were heated
from —50 to 150°C at a heating rate of 5°C-min~!
and a frequency of 1 Hz in a double-cantilever mode.
Tensile tests of all samples were measured with the
electronic universal materials testing machine
(GTMS8050S, Xieqiang Instrument Manufacturing
(Shanghai) Co., Ltd., China) at the stretching rate of
10 mm-min~'. The notched impact strength was test-
ed on XJC-25ZD (Chengde precision testing ma-
chine Co., Ltd., China) cantilever beam notch impact
testing machine at the temperature of 25 °C. An im-
pact energy of 2.75 J and impact speed of 3.5 m-s™!
was used. Before the impact test, the notch of 2 mm
was made through the notch prototype (JJ-TEST,
Chengde Jinjian testing instrument Co., Ltd., China).
Scanning electron microscopy (SEM, ZEISS EVO18,
Carl Zeiss AG Co., Ltd., Germany) was operated at
10 kV to observe the morphology of the notched im-
pact surface. Before SEM observation, the section
of the notched impact sample is sprayed with gold.

3. Results and discussion

3.1. NMR analysis of acetylated PDP (APDP)
Figure 3 shows the 'H NMR and '3C NMR spectra
of the PDP and APDP. It can be seen from Figure 3a
the chemical shift of 'H in the benzene ring is in the
scope of 6.7-7.3 ppm. The chemical shift of 'H in
the pentadecyl long carbon chain lies in the range of
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Figure 3. 'H NMR (a) and '3C NMR (b) spectra of neat PDP and APDP.
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0.8-2.6 ppm. The chemical shift of 'H from the phe-
nol hydroxyl group is near 4.92 ppm. After PDP was
acetylated, a chemical shift of 'H from the phenol
hydroxyl group couldn’t be observed, and a new 'H
chemical shift of 2.28 ppm from —CHj3 from the ester
group appeared, showing that the phenol hydroxyl
group had been successfully acetylated. Furthermore,
the typical '*C NMR spectra from pristine PDP and
APDP are shown in Figure 3b. Compared to the pris-
tine PDP, the new signal at the chemical shifts of 13C
at 20.3 and 169 ppm can be observed, which should
be assigned to the h 13C and g '3C in APDP, respec-
tively, conforming again APDP that has been pre-
pared. Moreover, after acetylation of PDP, the chem-
ical shifts of 13C at location a—f shifted. It is well
known that the greater the electronegativity of sub-
stituents, the lower the chemical shift [20].

3.2. FTIR analysis

As shown in Figure 4a, the spectrum of APDP is
quite similar to neat PDP, apart from the appearance
of another peak at around 1758 and 1204 cm™', which
are associated with the stretching vibration of C=0
and C—-O bond in the ester group from APDP. In ad-
dition, none of the characteristic absorption peaks at
3363 and 1265 cm™' contributed by phenol hydroxyl
groups from the PDP can be checked in the FTIR
spectra of APDP. These distinguishing features proved
that the acetylation of PDP was successful.

FTIR of PA1012/PDP and PA1012/APDP compos-
ites are shown in Figure 4b. As can be seen from
Figure 4b, the IR absorption peak at 3300 cm™! is re-
sulted from N—H stretching vibration of the PA1012
molecular structure. The IR absorption peak at
1540 cm™! (amide IT) and 1636 cm™' (amide I) are as-
sociated with N—H bending vibration (6x_) and C=0O

stretching vibration (vc—o), respectively. With the ad-
dition of PDP into PA1012, the bending vibration ab-
sorption peak of the N-H bond of PA1012 shifts from
1542 to 1546 cm™ in Figure 4c, meaning that an in-
termolecular hydrogen bond forms between PA1012
and PDP. Due to the substitution of some hydroxyl
groups in PDP after acetylation modification, the
characteristic peak of the N—H bond in the amide II
band in composites did not move, which may reduce
the hydrogen bond interaction between APDP and
PA1012.

3.3. Crystallization and melting behavior

The crystallization and melting behavior may be al-
tered after the incorporation of PDP or APDP, which
will change matrix mechanical performance. DSC
test results are recorded in Figure 5. As can be seen
from Figure 5a, PDP has a sharp exothermic peak
at 26.2 °C, and neat PA1012 has an obvious crystal-
lization peak at around 163.8 °C. The crystallization
peak temperature of PA1012 shifted to a lower tem-
perature with increasing of PDP content, indicating
that the hydrogen bonding interactions impede the
motion of PA1012 molecular chains and inhibit the
crystallization behavior during the cooling process
from the melt so that the crystallization temperature
(T,) decreased [21]. After adding 20 wt% APDP, the
crystallization peak temperature of PA1012 also
shifts to a lower temperature, and the shift is lower
than that of PA1012 with the same PDP content.
This is due to the fact that APDP acts only as a plas-
ticizer and can reduce entanglement between mo-
lecular chains, thereby increasing their volume and
mobility. It can be seen that the hydrogen bond in-
teraction plays a key role in the crystallization of
PA1012.
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Figure 4. a) ATR-IR spectra of PDP, APDP; b) PA1012 and its composites in the wave number region of 4000-500 cm™!;
¢) bending vibration of N-H bond of PA1012 and its composites.

708



J. Lu et al. — Express Polymer Letters Vol.18, No.7 (2024) 705—714

_ —— PA1012/30PDP
g PA1012/30PDP —— PA1012/20APDP
< —— PA1012/20PDP
5—;2 PA1012/20PDP —— PA1012/10PDP
K] —— PA1012/5PDP

= A —— PA1012

D st —— PDP

E 0 iql'ergpeé?ur:[q’C]eo 8 / \

2

2 / M

5 A

2 A

T J\x

] )\

x

“ e

1 1 1 1 1 1 1 1 1 1
-20 0 20 40 60 80 100 120 140 160 180 200
a) Temperature [°C]

Heat flow [W/g]

Exo—>

_ —— PA1012/30PDP

g PA1012/30PDP —— PA1012/20APDP

SN/ —— PA1012/20PDP

S —— PA1012/10PDP

3 \w —— PA1012/5PDP

T A — PA1012

-20 0y 20 40 60 80 100 -
\_rlwm

_‘\,

—_1

——

VA
=

-20 O

b)

20 40 60 80 100 120 140 160 180 200 220
Temperature [°C]

Figure 5. a) Crystallization and b) melting curves of PA1012, PDP, PA1012/PDP and PA1012/20APDP composites.

When the content of PDP and APDP was 20 wt%, a

new exothermic peak below the

crystallization

temperature of pure PDP can be observed, which
may be caused by limited crystallization of the alkyl
chain in PDP and APDP [22]. Similar characteristics
are also exhibited for the melting process as shown
in Figure 5b, and melting peak temperature PA1012

gradually reduces with increasing

PDP and APDP

content. Generally, the melting temperature is close-
ly related to the thickness of the crystals. So, the re-
duced melting temperature of PA1012 implies that
the lamellar thickness of PA1012 decreases with the
incorporation of PDP and APDP, respectively [23].

Meanwhile, a new endothermic be

low the melting

temperature of neat PDP can also be detected in the
case of more than 20 wt% PDP and APDP content,

70
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respectively. This is attributed to the melting process
of the crystalline phase of their alkyl chain [24].

3.4. The impact strength enhancement and
mechanism analysis

Figure 6a shows the typical stress-strain behavior of
PA1012 with increasing PDP and APDP. Obviously,
the addition of PDP and APDP significantly affects
the tensile properties of PA1012 and its strain in-
creases with rising of PDP content. Additionally, the
effect of APDP on the strain of PA1012 is far less
than that of PDP under their same addition amount.
The main reason is that the addition of PDP to
PA1012 not only causes an increase in flexibility and
extensibility of the PA1012 but also forms hydrogen
bond interaction with PA1012. Besides, Figure 6a
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also shows that the yield point of the composite dis-
appeared when the content of PDP reached 20 wt%,
indicating the occurrence of the brittle-ductile tran-
sition [25]. Moreover, the elongation at break was
690% for PA1012/PDP composites at 30 wt% of
PDP and about 1.7 times higher than those of neat
PA1012.

Figure 6b shows that the tensile strength changed with
PDP concentration. It can be seen from Figure 6b
that the tensile strength of PA1012 drops from 52.7
to 51.2, 47.7, 42.5 and 40.5 MPa with increasing
PDP concentration. It is worth noting that the tensile
strength of PA1012/20APDP composites is only
33.2 MPa, which is not only lower than that of
PA1012/20PDP but also PA1012/30PDP. It was ex-
tremely encouraging to note that the toughening of
PA1012 by PDP was not accompanied by a drastic
reduction in tensile strength. This was because the

80
70.6
70
£
= 60
=,
<
£ 50
C
o
@ 40
ke
3
£ 30
B
f:g 20
2
10 F pedhes
0 R SR
I o o o o o
S o a a a a
2 & & & g 8
< N g N (=] ®
o S S S I S
:: o o ‘(ll o
a < < 2 D
o o < o
o
Materials

Figure 7. Impact toughness of PA1012 and its composites.
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strong intermolecular hydrogen bonding between
PA1012 and PDP led to the enhancement of interfa-
cial adhesion [26]. These results also show the hy-
drogen bonding interaction between PA1012 and
PDP plays an important role, but the APDP maybe
only play plasticization effects.

Figure 7 shows the relationship between the content
of PDP and APDP and the notch impact strength. It’s
worth noting the PDP has significant effects on the
impact strength. The impact strength of PA1012 as-
cends firstly and then descends with increasing of
PDP content. Particularly, the notch impact strength
reaches to the maximum value of 70.6 kJ-m~ and is
more than 7 times higher than that of the neat PA1012
when the PDP content is 20 wt%. Correspondingly,
the addition of 20 wt% APDP only improved the
notch impact strength of PA1012 by 2.3 times to
22.8 kJ'-m~2. Here, the impact strength of the
PA1012/20PDP composite is higher than that of
PA1012/20APDP, mainly due to the destruction and
reconstruction of stronger H-bonding interaction in
the PA1012/PDP system. In addition, the plasticiza-
tion of PDP and APDP will promote the free move-
ment and arrangement of PA1012 chains. Increased
impact toughness of PA1012 [27, 28].

Figure 8 shows the effect of PDP and APDP on the
storage modulus and tand as a function of the tem-
perature of PA1012. As expected, the data of storage
modulus, shown in Figure 8a, for each sample was
decreased with increasing temperature. According to
Karsli and Aytac [29], this phenomenon is explained
by an increase in PA1012 chains mobility. The storage
modulus of the PA1012/PDP composites with vari-
ous contents of PDP at low temperatures was higher
than neat PA1012. However, as the temperature is
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increased, the storage modulus of all the composites
became lower than neat PA1012 and dependent on
the PDP weight fraction. That is, the higher the con-
tent of PDP, the more significant the plasticizing ef-
fect on PA1012, the larger the free volume of
PA1012 molecular chain, and the easier the molecu-
lar movement.

In thermoplastics, the loss tangent (tand) value of a
polymer reaches a maximum when the polymer is
heated up to the glass transition temperature [29]. As
can be seen from Figure 8b, the glass transition tem-
perature (7;) moves towards lower temperatures with
increasing PDP content in PA1012/PDP composites.
It is well known that the T, of the matrix depends on
the free volume of the polymer [30]. Here, the addi-
tion of PDP into PA1012 destroys the hydrogen
bonding interaction resulting from PA1012 itself to
some extent and obviously enhances chain mobility
by increasing the free volume [31]. In addition, the
formation of hydrogen bonding between PA1012 and
PDP is responsible for a reduction in the intermole-
cular interactions between the chains and results in

b)

a sharp decrease in T, [32]. Nevertheless, the most
notable fact related to Figure 8b is that the
PA1012/20APDP composites showed higher T,
shifts compared to the corresponding PA1012/20PDP
composites. It is well known that the low tan d indi-
cates hard chain segment motion because it needs to
overcome high friction. This high friction is caused
by strong intermolecular interaction. Thus the de-
crease of the tan 6 peak values indicates that the in-
termolecular interaction in PA1012/PDP system,
again suggesting that the PA1012 has stronger inter-
action with PDP compared to APDP [33, 34].

3.5. Scanning electron microscopic analysis

To better understand the morphology evolution of
the brittle to ductile transition of samples after mix-
ing different content PDP and APDP into PA1012.
Scanning electron microscopy images of the samples
are shown in Figure 9. Figure 9a corresponds to the
fracture surfaces of neat PA1012. The smooth and
lesser fluctuation surface morphology for neat PA1012
indicates it has lower impact strength due to a lack

PA1012/20APDR

Figure 9. The SEM images (x1000) of fracture surface for a) the neat PA1012; b) composites with 20 wt% PDP content;

¢) composites with 20 wt% APDP content.
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of absorbing energy, which belongs to the typical
brittle fracture characteristics. In addition, the micro-
crack of the surface of neat PA1012 is almost locates
on the same layer and diffuses towards the same di-
rection. However, after adding PDP and APDP, the
morphology of the fracture surface changed signifi-
cantly. PA1012/20PDP composites micrograph re-
veals a fracture surface with a very irregular massive
crack and rough appearance in Figure 9b, showing
the resistance of crack propagation improves and the
typical ductile behavior occurs. It is found that the
PDP small molecules with uniform distribution ap-
peared on the surface. However, in contrast to the
PA1012/20PDP composites, the fracture surface of
the PA1012/20APDP composites was relatively flat,
and there was a large area of shear yield and holes,
showing obvious ductile fracture behavior, too. A
similar phenomenon has been observed in the lignin/
polyamide 6 blends by Sallem-Idrissi et al. [35]. The
voids observed in the SEM image of PA1012/ APDP
should be APDP phase.

4. Conclusions

In this work, PA1012/PDP composites were pre-
pared by a simple melting blending method and the
impact toughness was optimized substantially. The
H-bonding toughening effects on PA1012 systems
are explained by acetylating modified PDP. An analy-
sis of the acetylated PDP with NMR revealed that
the PDP has been successfully modified. The inter-
molecular H-bonds between PA1012, PDP and APDP
were characterized by FTIR, respectively. The crys-
tallization behavior is also reflected by the signifi-
cantly lowered crystallization and melting tempera-
ture of the PA1012 matrix in the composites than
neat PA1012. However, the tensile strength of PA1012
composites becomes smaller with the increase in PDP
and APDP content. SEM study shows that the mor-
phology of the impact section is obvious ductile frac-
ture for the composites with 20 wt% of PDP and
APDP due to the existence of the PDP and APDP.
This work suggests a facile strategy for enhancing the
impact toughness of polyamide via H-bonding inter-
action. This is helpful to expand the application
prospect of semi crystalline polyamide materials.
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