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Thermomechanical properties of polyamide-6/polypropylene glycol copolymers with
mineral additives
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Copolymers of polyamide-6 / polypropylene glycol (PPG) were synthesized via activated anionic polymerization of
g-caprolactam in the presence of mineral additives - graphite and boron carbide. Composites structure and thermome-
chanical behavior were investigated by differential scanning calorimetry (DSC), thermogravimetric analysis (TGA) and
dynamic mechanical thermal analysis (DMTA). The study explores the influence of both PPG soft segments and fillers
onto the thermal stability, mechanical properties and structure of the composites.
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INTRODUCTION

It is well known that the elastic properties of
polyamide-6 (PA-6) could be significantly im-
proved by activated anionic polymerization of lac-
tams. In the recent years many studies were dedi-
cated to investigating the copolymerization of
e-CL. Comonomers, such as rubbers, polyols,
styrenics, etc., were introduced, trying to extend the
properties of PA-6, either impact or tensile strength
and thus to respond to the need of materials with
specific properties applicable for various industries
[1-7]. Most of these studies were concentrated in
improving the impact strength of PA-6 by incorpo-
rating soft segments in its polymer chain, due to the
fact that it is a notch-sensitive polymer. All these
methods led to the creation of already commercially
available copolymers such as PA-6/PA-6,6 and
PA-6/polyethers, the latter being a basis for the
Reaction Injection Molding (RIM) process [8].
From another perspective, polyamides properties
could be improved by physical modification, fillers
loading being one of the most common ways of
enhancing thermal, mechanical and conductive
properties of PA-6 [9-11]. Further on, nanofillers,
such as graphene [12], carbon nanotubes [13],
montmorillonite (MMT) [14], talcum [15] are ex-
plored as well. However, dispersion of inorganic
additives in low viscosity e-CL, could lead to seg-
regation of the filler particles and it is important
proper polymerization conditions to be followed.
By that point, the behavior of a multicomponent
system based on £-CL, polyol and filler is of partic-
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ular interest. Developing a technology for in-situ
preparation of composite structures based on PA-6,
will significantly reduce the energy costs of the fi-
nal product and allow matching various industry
specifications. In our previous study, the activated
anionic polymerization of €-CL in the presence of
graphite and B4C was investigated [16]. For the
end-use application, mechanical and thermal prop-
erties of thus synthesized composites are of critical
importance, therefore, the aim of this paper was to
determine their thermal and mechanical properties.

EXPERIMENTAL

Materials: The monomer g-caprolactam (g-CL,

BASF), Mw=113.16 was dried for 3 days over P>Os
in a vacuum oven at 60°C. The initiator, sodium salt
of &-CL (Na-CL), was synthesized according to
[17], Mw=424, Isophorone diisocyanate
(5-isocyanate-1-isocyanatomethyl-1,3,3-trimethyl-
cyclohexane) (IF; Merck), methanol (Fluka),
n-acetylcaprolactam (AcCL); were used as re-
ceived. Polypropylene glycol (PPG; Fluka) with
average molecular weight 2000 was kept in a mo-
lecular sieve at 25°C under vacuum for 10 h.
Graphite with particle size (PS) = 20 um and boron
carbide (B4C; Fluka), PS=15-62 um were heated at
150°C for 2 min before use.
Polymerization: Detailed study on the synthesis
was described elsewhere [16]. Bulk anionic
polymerization of e-CL was carried at 180°C using
both ampule technique (samples for DSC, TGA)
and mold casting (samples for DMTA). For DSC
and TGA unreacted monomers were extracted in a
Soxhlet apparatus with methanol for 8 h. The resi-
due was dried in vacuum at 60°C until constant
weight was reached.
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Analysis

DSC: Calorimetric measurements of melting

and crystallization behavior were handled on a
DSC Q100 TA Instruments apparatus using in-
dium as standard. Samples were heated in the
range from -90°C to +250°C at a rate of 15°C
min-tin a nitrogen flow of 50 m mint. After that
they were quenched to -90°C at 100°C min* and
then reheated to 250°C, again at 15°C min.
From the endothermic maximum of the curves the
melting temperatures (Tm) of the composites were
determined. Glass transition temperature (Tg) was
calculated at the inflection point of the re-heating
curve. DSC crystallinity was calculated from the
ratio of the measured and equilibrium heats of
fusion AH#/AH{°, Where the equilibrium one (AH{°
= 230 J.g?) refers to a 100% crystal PA-6, taken
from the literature [18].

TGA: Measurements were performed on a TGA
Q500 TA Instruments apparatus, in the range from
+30°C to +600°C. Heating rate was 15°C min* and
nitrogen flow 40 ml min™.

Activation energy was calculated from Broido equa-
tion [19]:

In[In1/x]=-Ea/RT+const (1)

where, Ea is the activation energy (J.mol?), T

absolute temperature (K), R gas constant (8.314

J.mol1.K) and x is the residue:

x=(Wt-WF)/(Win-Wf) 2

where Wt is the sample weight at time t, Win and

Wf are initial and final weights.

DMTA: Dynamic mechanical properties of the
composites were measured with a torsional pendu-
lum on a Rheometric Scientific apparatus in the
range from -100°C to +150°C at a heating rate of
10°C min* and 1 Hz constant frequency. The stor-
age modulus (G’), loss modulus (G”) and loss tan-
gent (tan delta) were automatically recorded during
the test.

Test specimens 45mm x 10mm x 2.5mm were
cut from pre-pressed films.

RESULTS AND DISCUSSION
DSC

According to the data obtained, it was observed
that melting peaks of pure (without additives)
PA-6/PPG-IF copolymers appear in a narrow range
between 218°C and 220°C with the only exception
of 3% PPG-IF, where it was shifted to 222°C.

Introduction of B4C and graphite into the system
leads to a decrease of the melting temperatures
(resp. heat of fusion), due to the decrease of crys-
tallinity, which is clearly visible at high percentages
of filler loading and macroactivator concentration.

Degree of crystallinity (o) and glass transition tem-
peratures (Tg) showed similar behavior - shift to
lower values with the increase in system complexi-
ty. Tg of the amorphous region of PA-6 is obvious-
ly affected by the PPG soft segments due to the fact
that PPG segments are incorporated into the amor-
phous regions of the polymers [20]. On the other
hand, compared to the first heating cycle, at the
second one Tg increased while o decreased. On
Figures 1-2 DSC thermograms of different compo-
site structures at 3% macroactivator are shown.
Based on these results, which correlate with other
studies [20], we may conclude that both segments -
rigid (PA-6 ones) and soft (PPG) are fully compati-
ble in the amorphous region.
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Fig. 1. DSC thermograms of PA-6/PPG/B4C copoly-
mers at 3% PPG.
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Fig. 2. DSC thermograms of PA-6/PPG-IF/graphite
copolymers at 3% PPG.

TGA

Measurements confirmed the expected better
thermal stability of the copolymers compared to
similar PA-6 copolymers reported [1, 22-23]. Start
of decomposition (Tin, initial decomposition tem-
perature / at 1%) of all copolymers is above 400°C
with similar behavior of both graphite and B.C
(Figs. 3-4). This indirectly proves the good disper-
sion of both fillers, and the improved heat transfer,
thus allowing composites to withstand higher tem-
peratures.
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Table 1. DSC data of PA-6 composites

T'm, °CY A\]|/_|gg1’ Tg? -[(:CrI;l AJ';'gsr)n, IC%, a E;OS7)C, o O/SE)C,
PA-6/AcCL 22096 92.24 4491 219.84 68.98 44.23 40.10 29.99
PA-6/PPG-IF=97/3 22241 73.81 36.51 21455 48.53 38.67 32.09 21.10
PA-6/PPG-IF/B4C=95/3/2 222,74 86.70 27.11 215.78 41.28 46.09 37.70 17.95
PA-6/PPG-IF/B4C=92/3/5 22453 8330 3546 21466 4597 40.52 36.22 19.99
PA-6/PPG-IF/B4C=90/3/7 22370  87.23 3590 215.05 45.37 38.83 37.93 19.73
PA-6/PPG-IF/B4C=87/3/10 22248 72.88 3799 21391 36.61 41.49 31.69 15.92
PA-6/PPG-IF/Graphite=95/3/2 22154 68.14 30.30 213.80 41.89 40.61 29.63 18.21
PA-6/PPG-IF/Graphite=92/3/5 221.08 58.64 26.77 214.69 41.47 40.38 25.50 18.03
PA-6/PPG-IF/Graphite=90/3/7 22155 62.68 37.82 214.48 43.76 42.67 27.25 19.03
PA-6/PPG-IF/Graphite=87/3/10 216.89 5194 2742 21543 46.51 31.51 22.58 20.22
PA-6/PPG-IF=95/5 218.68 80.74 56.19 214.89 42.24 34.00 35.10 18.37
PA-6/PPG-IF/B4C=93/5/2 220.39 70.32 39.43 217.76 47.17 43.40 30.57 20.51
PA-6/PPG-IF/B4C=90/5/5 22249 7891 31.10 215.16 43.65 44.35 34.31 18.98
PA-6/PPG-IF/B4C=88/5/7 22205 7794 18.01 214.53 39.08 45.66 33.89 16.97
PA-6/PPG-IF/B4C=85/5/10 221.81 63.87 31.13 213.78 29.19 4478 27.77 12.69
PA-6/PPG-IF/Graphite=93/5/2 223.01 77.80 31.64 21431 3419 44.26 33.83 14.87
PA-6/PPG-IF/Graphite=90/5/5 221.29 6249 38.10 214.06 36.64 43.58 27.17 15.93
PA-6/PPG-IF/Graphite=88/5/7 221.28 67.68 30.01 214.59 37.71 4432 29.43 16.40
PA-6/PPG-IF/Graphite=85/5/10 22045 60.14 37.79 214.28 33.83 44.00 26.15 14.71
PA-6/PPG-IF=90/10 219.67 81.14 3225 21444 32.34 43.01 35.28 14.06
PA-6/PPG-IF/B4C=88/10/2 220.15 80.30 28.40 215.15 37.78 38.42 34.91 16.43
PA-6/PPG-IF/B4C=85/10/5 219.80 8157 27.62 21514 39.18 36.81 35.47 17.03
PA-6/PPG-IF/B4C=83/10/7 218.74  86.01 32.59 214.27 38.43 4351 37.40 16.71

PA-6/PPG-IF/Graphite=88/10/2 207.39 7217 37.38 209.07 3858 37.99 31.38 16.77
PA-6/PPG-IF/Graphite=85/10/5 21473 74.15 39.59 21356  49.24 33.84 32.24 21.41
PA-6/PPG-IF/Graphite=83/10/7 216.38 73.86 37.70 213.88 51.25 39.06 32.11 22.28

PA-6/PPG-IF/Graphite=80/10/10 21578 3855 23.73 213.35 41.20 38.56 16.76 17.91
1 Melting temperature at first heating

2 Heat of fusion at first heating

3 Glass transition temperature at first heating

4 Melting temperature at second heating

%) Heat of fusion at second heating

6 Glass transition temperature at second heating

) Degree of crystallinity at first heating

8 Degree of crystallinity at second heating
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DMTA

In order to define the combined effect of soft
block and additives concentration of copolymers
the mechanical properties - mechanical loss tangent
(Tan delta) and storage modulus (G’) are presented
on Figs. 5-8.

At the same concentration of macroactivator, the
following effect on G’ is observed: increase of
B4C content resulted in an increase of copolymers
stiffness, whereas graphite followed a similar trend
but with lower absolute values. As a result highly
loaded (10% B4C) composites show increased
(40%) stiffness compared to the corresponding
graphite ones (Figs. 5-6).
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Fig. 5. Storage modulus of PA-6/PPG-I1F/B4C co-
polymers as a function of temperature.
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Fig. 6. Storage modulus of PA-6/PPG-IF/graphite
copolymers as a function of temperature.

As PA-6 has two mechanic relaxation peaks: a
around 50°C, corresponding to glass transition tem-
perature (Tg) and B around -80°C, which overlaps
with Tg of PPG around -75°C [24], on Tan delta
curves two Tgs were observed: in the range -72°C to
-84°C, corresponding to PPG and PA-6 segments
and 42°C to 57°C, belonging to PA-6 ones. Results
confirmed the DSC data that both polymers are fully
compatible in the amorphous region. Practically,

both fillers are not showing a significant effect on
both PPG and PA-6 segments mobility, which indi-
rectly confirms their good dispersion into the sys-
tem.

Taking into account the magnitude of the Tan
delta peaks (Figs.7-8), the effect of PPG and fillers
onto the amorphous phase of PA-6 can be seen.
Since the soft PPG segment with both fillers is one
and the same, the impact is different - B4C in gen-
eral follows the expected trend - with increase of
PPG soft segments Tan delta peaks around -80°C
increase their magnitude, resp. amorphous phase of
copolymer to transform into rubbery state. Same
could be observed for PA-6 ones around 50°C.
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Fig. 7. Tan delta temperature dependence for
PA-6/PPG/B4C copolymers.
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Fig. 8. Tan delta temperature dependence for
PA-6/PPG/graphite copolymers.

Graphite effect is somehow an opposite one
since there is no impact on PPG segments for PA-6
ones to decrease with increase of filler concentration
Tan delta, which could be explained by the fact that
graphite has certain energy dissipation effect allow-
ing PA-6 polymer chains to better respond to exter-
nal loads. From another perspective, the observed
two Tg peaks confirmed the presence of block co-
polymers.
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Table 2. Activation energy of destruction.

Tinec
PA-6/AcCL 41222 46265 12.60
PA-6/PPG-IF=97/3 41861 4662  12.84
22'6/PPG"F/B“C295/ 41305 450.73  7.49
gg-wppe-l FIBC=92  ,con  sosgr 604
22-6/PPG-IF/B4C:9O/ 51t asr 789
2266/PPG-IF/B4C:87/ Hr ez 757
Eg%fzpe'lwaaphite 41731 46367  10.07
292-/6?{}35PG-I F/Graphite 178 46383 1358
z';\d?éf?PG-lF/Graphite A764 46294 1228
PAOPPOIFIGraphte 41856 46288 5.93
PA-6/PPG-IF=95/5 41374 46119 871
E;DZ\-GIPPG-I FIBC=93 41014 aesea 1367
E/AE-,'G/PPG"F/B“CZQO/ 41752 46332 12,91
Eﬁ-ﬁ/PPG-lF/B4c:88/ PR
2266/PPG-IF/B4C:85/ Hoss  dcazs 78
Eg%;’ZPG—IF/Graphite MAST  482.87 0.08
Esdjislz_)PG—lF/Graphite 41087 46052 043
zgg?s/f?PG-lF/Graphite 41831 4625 496
EQ;S/ZI;G—IF/Graphite 1194 46452 o
PA-6/PPG-IF=90/10  406.59 457.86  10.59
TQ-ZES/PPG—I FIBC88 4100 4ors 1305
TQQB/PPG"F/B“CzSS/ 41318 46384 12.20
TQ-?ES/PPG—I FIBC8Y 16 ue130 108
E(/)D}-lfz)/PPG-IF/BL;C:SO/ io7o  als o
z/:é;illgleG—lF/Graphite 41599 46117 0.03
EQ;{(F)’/PSGI F/Graphite 41258 458.38 637
ngillgll;G—lF/Graphite M584 46039 1163
PA-6/PPG-IF/Graphite 40661 45573 5 80

=80/10/10
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CONCLUSIONS

The synthesis of PA-6/PPG copolymers via ac-

tivated anionic polymerization of e-CL in the pres-
ence of mineral fillers- graphite and B4C, permits to
produce composite materials which are obtained
in-situ during the polymerization process. The
polymerization rate is determined by the presence
of the macroactivator (PPG-IF in our case). The
effect of fillers loading is different:
At high concentration of macroactivator (10%),
increasing the graphite content results in increasing
the polymerization rate (higher yields), and graphite
bejng considered as an active additive, while B4C is
practically inert. On the other hand, at certain levels
of loading (3-5%), both fillers are contributing to
the better mechanical properties of the composites.
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TEPMOMEXAHUYHU CBOMCTBA HA TIOJIMAMUI-6/ITOJIUITPOITWIIEH I'JIMKOJI
CBIIOJIMMEPU C MUHEPAJIHU ITBJIHUTEJIN
IT. KpbcTen
Kameopa Ionumepno Hrnowcenepcmeo, Xumuxkomexnonozuvern u Memanypeuven Yuusepcumem, Cogpus, bvneapus

Toctenmna Ha 28 HoemBpu 2014,  Ilpepaborena Ha 23 HoemBpH, 2015
(Pe3srome)

Cenonumepu Ha monuamu-6/momumporniteH raukon (I1I117) 6sxa cuHETe3npaHy O BT Ha aKTHBHPAaHATA aHHOHHA
MOJTUMEPH3AIIHs Ha €-KApPOJaKTaMB MPUCHCTBUEC HA MUHEPATHU MBJIHUTEIH- rpaduT u 6open kapoun. CTpykTyparta u
TEPMOMEXAaHUYHHUTE OTHACSHHS HAa KOMITO3UTHUTE OsiXa M3CICIBAaHU 4pe3 MUPEPCHIIMATHO CKaHHMpalla KaJOpHUMETPHUs
(ICK), TepmorpaBumerpuuer aHanu3 (TT'A) u nuHamuMuueH MexanndeH tepmuueH aHanus (JJMTA). Cratusta usc-
nenBa BIusiHHETO Ha enacromepHute I cerMeHTH ¥ MBIHHUTEIUTE BBPXY TEPMUYHATA CTAOMIHOCT, MCXaHHUYHUTE
XapaKTePUCTUKHU U CTPYKTYypaTa Ha KOMIIO3UTHUTE.
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