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Abstract

This work presents an interesting alternative for melt modification of polyamide 6 (PA6). Transurethanization was employed as
an effective strategy for this purpose. At high temperatures (>160 °C), the dissociation of urethane groups and subsequent
reaction with PA6 end groups result in chain grown. The effect of TPU incorporation (2—10 wt.%) into PA6 on the microstructure,
rheology, and thermal and mechanical performance of PA6/TPU blends was investigated. The chemical reactions between PA6
and TPU were elucidated using a model reaction of amino acid and MDI. The phase morphology of the blends did not show
defined phases of TPU. However, it was noticed the formation of micrometric pores. Both the melting temperature and crystal-
linity of neat PA6 decreased with TPU incorporation. The production of a copolymer by terminal group reactions hinders the
crystallization of polyamide with the reduction of nucleation and crystal growth. The increase in molar mass of PA6 can be
confirmed by rheological measurements, in which an abrupt increase in viscosity was noted, as well as in the storage modulus.
The impact strength of the blends significantly increased with the addition of TPU, whereas a discrete decrease occurred for the
elastic modulus and tensile strength.

Keywords Polyamide 6/thermoplastic polyurethane blend - Transurethanization - Reactive extrusion - Intermeshing co-rotating
twin-screw extrusion - Kinetics of crystallization

Introduction promoting deterioration in the chemical structure of the poly-

mer and, thus, restricting its final application [2, 3]. An inter-

Polyamide 6 (PA6) is a thermoplastic polymer extensively
used in the manufacture of automobile parts, engineering
products, and textile fibers because of its high mechanical
and impact strength and good processability [1]. However,
the marked use of these materials has resulted in post-
consumer waste, increasing the demand for recycling, both
for economic or environmental reasons [2]. During repeated
processing of PA6, the polymer molecules are readily subject-
ed to thermal, oxidative, and mechanical degradations,
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esting method of slowing down or avoiding the thermo-
mechanical degradation occurring in PA6 melting reactive op-
erations is the addition of small amounts of thermoplastic
polyurethane elastomer (TPU) during reprocessing stages
[4]. Molten polymer modification reactions may target specif-
ic molecular weight control to meet some particular engineer-
ing requirements [5]. PA6 and TPU can be blended since they
have a high degree of structural similarity and specific inter-
molecular hydrogen interactions between amide and urethane
groups [4, 6, 7]. TPU can be repeatedly melted and processed
due to the absence of the chemical networks that usually exist
in rubber. Unfortunately, there are only limited studies associ-
ated with PA6/TPU blends, which leaves a knowledge gap for
obtaining thermoplastic elastomers materials with a favorable
balance between processability and performance [8].

The PA6/TPU blends reported so far showed good compat-
ibility, increased toughness and impact resistance, and reduced
phase separation [7, 9-12]. The incorporation of 10 wt.% TPU
in PAG6 resulted in a gain of approximately 4 kJ.m? in the
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impact resistance of the blend, with practically no change in
the elastic modulus [11]. GunaSingh et al. [10] observed that
the IZOD impact resistance of PA6 increased by 40% with the
incorporation of 15 wt.% TPU. The addition of increasing
amounts of TPU to PA6 also caused a decrease in both its
melting and crystallization temperatures [12]. These changes
are related to the blending effect on the crystal growth rate and
the degree of crystallinity as a result of modifications in the
nucleation process [12]. A reversion of the TPU polymeriza-
tion reaction occurs during its melt processing due to the
chemical equilibrium of the urethane group, which can disso-
ciate and re-associate simultancously around 150-200 °C,
when its thermo-mechanical degradation begins. The dissoci-
ation of the urethane group results in the formation of free
isocyanate (-NCO) and alcohol groups, a phenomenon
known as transurethanization [13, 14]. It is evident that the
TPU chain degradation rate depends on processing conditions
such as time, temperature, shear rate, and residence time [15].
Under mild processing conditions (temperatures below
250 °C), equilibrium is quickly established between urethane
linkages and free isocyanate and hydroxyl end groups [16].

Once PA6 and TPU are in the molten state, the amine (—
NH,) and carboxylic acid ((COOH) end groups of polyamide
are more nucleophilic than the hydroxyl groups of TPU, so the
—NCO group formed by dissociation can react and form amine
and urea groups. The rate of urea formation is about 1000 times
faster relative to the primary hydroxyl [13], thus increasing the
molecular weight and the molecular weight distribution of
PAG6. Therefore, the dissociation of the urethane group during
the reactive processing of PA6/TPU blends represents an inter-
esting strategy of modifying PA6 melting properties by copo-
lymerization at the interfacial region. Transurethanization tech-
nology can then be an alternative to the high recycle yield of
nylon.

In this work, we are interested in evaluating the effects of
the addition of fixed amounts of TPU (2 — 10 wt.%) into a PA6
matrix, relative to the chemical structure, morphology, crys-
tallinity, rheology, and thermal and mechanical performance
of'the resulting blends. More than that, we also intend to show
that the transurethanization reaction is a feasible approach for
polyamide chemical modification, especially when thermo-
mechanical degradation deteriorates PA6 properties.

Materials and methods

Materials and methods preparation

PA6, trade name UBE NYLON 61022B, was supplied by
UBE Corporation Europe (Spain), with a density of 1.14 g/
cm’® (DIN 53479:1976), a relative viscosity (96% H,SO,) of

3.37 (JIS K6810-94) and a melting point of 220 °C (ISO
11357-16). PA6’s molar mass is 20,000 g/mol, and its
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viscosity is 200 mL/g according to the manufacturer.
Aromatic polyether-based thermoplastic polyurethane
(TPU), trade name 980A, was supplied by Mantoflex
Industria de Plasticos Ltda (Brazil). The TPU has a density
of 1.15 g/cm3 (ASTM D792-13), and a Shore A hardness of
80 (ASTM D2240-15).

4,4'-diphenylmethane diisocyanate (MDI), trade name
Isonate 125 M, was purchased from Dow Chemical
Company (Brazil), and the L-alanine (C3H,NO,, molar
mass = 89.09 g/mol) was supplied by Sigma Aldrich (USA).
All solvents were analytical grade, and all other chemicals
were used as received.

Reactive processing

The neat materials and PA6/TPU blends containing 2-10 wt%
TPU were melt processed in an interpenetrating co-rotating
twin-screw extruder with a 48 L/D and 16 mm diameter (D)
(LTE 1648, LabTech Engineering Company). The reactive
extrusion was conducted with a 135 rpm screen speed (n) and
a225-280 °C temperature profile. The average residence time
of the material in the extruder was 250 s. Before melt blend-
ing, the PA6 and TPU pellets were dried at 100 °C in a vac-
uum oven for 12 h to avoid hydration of the material. The
materials were manually homogenized and fed into the ex-
truder at a feed rate of 3 kg/h. A specific screw profile was
developed for this study, combining transport and kneading
elements (30, 45, and 90°) (Fig. 1).

After reactive extrusion, the samples were dried for 4 h at
80 °C and injection molded (9.8 MPa, 250 °C, 6 s and injec-
tion mold temperature of 80 °C) into shaped test specimens
according to ASTM D-638, type IV for mechanical experi-
ments. The same conditions were used to produce specimens
for X-ray diffraction (XRD), Fourier transform infrared spec-
troscopy in attenuated total reflectance mode (ATR-FTIR),
and small-amplitude oscillatory shear measurements (SAOS)
analysis.

Structural analysis and blends morphology

The ATR-FTIR measurements were performed in a Perkin
Elmer Impact 400 spectrometer from 4000 to 400 cm ™', with
32 scans and 4 cm™ ! resolution (diamond crystal at 45°).

The morphology of the blends was investigated by field
emission gun scanning electron microscopy (FEG-SEM) in
a Tescan Mira 3 (Czech Republic) microscope. Small samples
(30 mm x 3 mm x 1 mm) from the central core of the
injection-molded bars were cryo-fractured by liquid nitrogen
and immersed in dimethylformamide (DMF) for 24 h at 80 °C
to extract the TPU phase and reveal the phase boundaries. All
samples were sputter coated with gold before imaging.
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Fig. 1 Screw profile developed for the reactive extrusion

Crystalline microstructure and non-isothermal
crystallization kinetics

The melting and crystallization behaviors and polymorphism
of PA6 and its blends were investigated through differential
scanning calorimetry (DSC) and X-ray diffraction (XRD).
DSC analyses were performed in a Shimadzu DSC—-60 under
a nitrogen atmosphere with a 50 mL/min flow rate. The sam-
ples (~10 mg) were sealed in aluminum crucibles, heated at
10 °C/min to 280 °C, and kept at this temperature for 5 min to
eliminate their thermal history. Then, the samples were cooled
to ambient temperature at constant rates of 5, 10, 15, and
20 °C/min. The DSC data were used for calculation of the
non-isothermal crystallization kinetics. To determine the melt-
ing behaviors, the samples were reheated to 280 °C at the
same constant rates (5, 10, 15, and 20 °C/min).

The average crystallinity index (X.5) was determined
using Eq. 1 [17]:

AH,,

Xp=—""2
T AH  dpas

100 (1)
where ¢ppg is the weight fraction of PA6 in the blends, AH,,
is the fusion enthalpy of the samples (J/g) obtained by DSC
measurements, and AH,,,” is the fusion enthalpy of a 100%
crystalline PA6 (190.9 J/g) [18]. The X index was computed
considering the average enthalpy at 5, 10, 15 and 20 °C/min
heating rates.

XRD measurements were performed using a Shimadzu
XRD-6000 diffractometer, operating in reflection mode
using Cu K, radiation (A =1.540 A). Data were collect-
ed over 20 angles ranging from 5 to 50° at a scanning
rate of 0.5 °/min.

Reaction degree

The reaction degree was evaluated by selective solvent extrac-
tion. The solubility parameters of TPU [11.68 (cal/cm®)'’?]
and PA6 [9.93 (cal/cm®)'?] used in this work were

approximated from Fedors’ molar volume [19]. The TPU
phase was dissolved in DMF, which was selected for its sim-
ilar solubility [12.1 (cal/cm®)'?] to TPU. The samples were
placed in a 120-mesh sieve containing approximately 0.3 g of
polymer and washed in a round-bottomed flask containing
DMF at 150+3 °C for 24 h. After solvent extraction, all
samples were dried at 80 °C for 24 h. The reaction degree
was determined by the weight difference between the extract-
ed TPU and the one initially incorporated into the blend.

Small-amplitude oscillatory shear measurements
(SAOS)

The rheological behavior of the neat polymers and their blends
were studied in an Anton Paar MCR 301 rheometer with cone-
plate geometry (25 mm and 1°). Sample discs (25 mm diam-
eter and 3 mm thickness) were prepared by injection molding.
The experiments were carried out under linear viscoelastic
(300 Pa) conditions at 250 °C and a frequency range of 0.1—
100 rad/s in a nitrogen atmosphere. For pure TPU, the mea-
surement was performed at 230 °C.

Physico-mechanical properties

Tensile strength tests were conducted on an Emic
DL2000 Universal Testing Machine according to ASTM
D638-14. The crosshead speed was 50 mm/min. Five
specimens from each sample were assayed. The Impact
resistance tests were performed according to ASTM
D256-10 using Type A specimens using a Ceast Resil
25 impact test equipment with a 1 J hammer. During all
mechanical tests, the room temperature was maintained
at 23+2 °C and the relative humidity at 36 +2%.

For the water uptake determination, three samples of
each blend were initially dried at 100 °C for 48 h in a
circulating air oven, thus obtaining the dry weight of the
samples (Wy). The samples were then exposed to the
environment, and their mass gain was monitored for
33 days, allowing the determination of the wet weight
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of the materials (W,). The water uptake (WU) was cal-
culated using Eq. 2 [5]:

WU = Wu_Ws

100% (2)
The density of the samples was measured following ASTM
standard D792-13.

Results and discussion
Reaction and phase morphology

The FTIR spectra of neat PA6 and TPU, and PA6/TPU 10 wt.%
blend are presented in Fig. 2(a). The characteristic absorption
bands of PA6 were clearly evidenced: 3293 c¢cm ' and
3082 cm ' (NH); 1632 cm™' (C=0); 1536 cm™' (C-N);
2928 cm™' and 2856 cm™' (CH,); 931 em ™' (CO-NH); and
1461 cm™' and 1415 cm™' (-CH,- linked to NH and CO)
[20]. The absorptions at 686 cm ' and 1203 cm ™' are related
to the « crystalline phase, whereas the bands at 1169 cm ' are
associated to 'y and amorphous phases, indicating the coexis-
tence of pseudohexagonal and monoclinic phases in the PA6
microstructure [20, 21]. Considering the TPU spectrum, ab-
sorptions due to the urethane group appeared at: 3302 cm !
and 1528 cm ! (NH); 1597 cm ', 818 cm ! and 770 cm '
(C=C in the presence of aromatic components); 1220 cm!
and 1077 em™' (C-O and COO); 1203 cm™' (C-OH); and
2918 and 2849 cm™' (CH), 1414 ecm ™' (CH,). The presence
of bands at 1731 cm ' and 1701 cm ™' (C=0) with the concom-
itant absence of the absorption at 3460 cm ! (free -NH) denotes
a large number of hydrogen bonds in the sample [22, 23].

No significant differences were observed between the spec-
tra of neat PA6 and PA6/TPU 10 wt.% blend, indicating that
the absorptions of pure polymers overlapped the reaction
traces between PA6 and the dissociated end chain of TPU.
The only events observed in these spectra were an increase
in the peak intensity at 3375 cm ' and the presence of a small
shoulder at 3433 cm ' attributed to the stretching of
hydrogen-bonded and free -NH groups [24]. According to
the literature [24, 25], chemical reactions between —NCO, —
NH, and -COOH functional groups can form urea and amide.
The reactions between isocyanates and primary amines are
very fast with a low activation energy, usually several kilocal-
ories per mol, whereas the half-life of the reaction between
aliphatic amines and aromatic isocyanates is in the order of
milliseconds [25]. In addition to the stable carboamide bind-
ing to the acid end group of PA6, a secondary association
between the -NH groups of PA6 and the -NCO groups was
assumed, which can be further disassociated by the subse-
quent reaction with an amine to form urea [16, 25].
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Due to the low molar fraction of functional groups formed
relative to the main chain size, we proposed to study the as-
sociations between -NCO, -NH, and -COOH groups through
a model reaction of a small amino acid with MDI. Thus, a
higher relative amount of functional groups formed will con-
tribute to a better understanding of the reaction between poly-
amide and polyurethane. The FTIR spectra of the components
and the model reaction are shown in Fig. 2(b). The chemical
reactions between PA6 and —R-NCO were studied by Franke
and coworkers [25]. The ester group of the isocyanate com-
pound appears as a shoulder in the amide I band, which sug-
gests the presence of TPU in the blends. Also, the appearance
of the characteristic peak of the -NH groups (3405 cm ")
indicates the formation of urea and amide groups. When the
isocyanate group reacts with the carboxyl group, amide I ab-
sorption bands of the amide linkage appear in the 1595—
1700 cm ' region. The new band at 1614-1629 cm ' was
assigned to urea. Moreover, the absorptions at 1734 cm '
and 1718 cm ' can be attributed to free and hydrogen-
bonded urethane carbonyl groups [4]. The amide II band rel-
ative to the urethane linkage also appeared at 1525 cm ™' [26].
The disappearance of the -NCO characteristic peaks
(2268 cm ') was also evident, suggesting that isocyanate
reacted with L-alanine. Therefore, this approach proved feasi-
ble in elucidating the reactions that occur between PA6 and
TPU during melt processing. The reaction scheme is presented
in Fig. 3.

Figure 4 shows the FEG-SEM micrographs of the fractured
surfaces of PA6/TPU blends. All images exhibited spherically
shaped pores (from 500 to 2500 nm diameter) regardless of
the composition of the mixtures. The presence of pores can be
explained by the reaction between carbamic acid and the urea
group with the release of carbon dioxide (CO,) [8]. For the
non-etched samples, the images revealed significant relief dif-
ferences with similar sizes. The addition of more significant
amounts of TPU decreased the cracks and favored more
smooth fractured regions, suggesting a compatible structure
between PA6 and TPU through their polar groups. A similar
phase morphology pattern was observed by Rétzsch et al.
(1990), who attributed it to the presence of TPU phase in the
blends [11]. Nevertheless, it was not possible to identify well-
defined interfaces between PA6 and TPU phases.

It is well known that isocyanate is highly reactive toward
many functional groups. Under some circumstances, it can
even self-react by dimerization, trimerization, linear polymer-
ization, and condensation with elimination of carbon dioxide
to form uretidinone, isocyanurate, poly-1-nylon, and
carbodiimide or a secondary bond (allophanate), respectively.
However, the first three products can hardly exist at 200 °C, a
temperature that promotes the cleavage of the urethane link-
age and the formation of carbodiimide. The carbodiimide or
allophanate is still reactive toward active-hydrogen-
containing compounds, thus generating branched or



J Polym Res (2019) 26:112 Page50f 15 112

Fig. 2 (a) ATR-FTIR spectra of a
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crosslinked structures [16]. Therefore, the possibility of  investigated. The blends were dissolved in formic acid
forming gelled compositions during processing was also  to verify the gel formation by chain crosslinking [5]. As
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Fig. 3 Reactions between PA6
and TPU during melt processing
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a result, there was no gel formation, indicating that
reactive processing formed few secondary reaction prod-
ucts that could crosslink the polymer chains.

Selective extraction was used to quantify the
unreacted TPU content in the materials. A reduction in
the reaction degree values was observed for the materials
containing higher amounts of TPU. The conversions ob-
tained for blends composed of 10, 5, and 2 wt.% TPU
were 46.5+4.6, 49.7+2.8, and 59.5+8.4 wt.%, respec-
tively. One of the factors that may influence the reaction
limit is the number of terminal functional groups avail-
able in PAG6, since the relative proportion of these reac-
tive groups in the polymer chain is low, besides being
inversely proportional to the molecular weight. The iso-
cyanate groups formed by dissociation in the
transurethanization react with PA6 terminals, thus
shifting the equilibrium towards dissociation as the reac-
tion progresses. While part of the TPU molecules
reassociates into the urethane form, another part reacts
to form the urea group. The urea group can react with
dissociated isocyanate, generating biuret groups [13, 15,
16]. Since the selective extraction removes only the un-
bound polyurethane, i.e., just the polyurethane that has
dissociated but not reacted again, the reaction is limited
by the number of available terminals on PAG.

@ Springer

amide group

C=0 H o

HN—TPU—N—C—O—TPU

urea group urethane

Structure and non-isothermal crystallization kinetics

PAG6 is a polymorphic material with more than one energeti-
cally favorable crystalline phase, such as o and 'y-forms. The
« form of PA-6 usually exhibits two characteristic reflections
around 20.3° and 23.8° (20), whereas the v form presents a
distinctive reflection at 21.6° (20) [27]. From the XRD results
shown in Fig. 5, the neat PA6 diffractogram exhibits peaks at
20 =20.1° (200 crystallographic plane) and 23.1° (202, 002
crystallographic planes) corresponding to the « crystalline
phase [7, 28]. In contrast, the TPU diffractogram shows a
broad amorphous peak around 20 =20° (110 crystallographic
plane) with an interchain spacing of 4.44 A [29], an acceptable
value considering the short-range regular structure of both
hard and soft segments in association with the disordered
structure of the amorphous phase [28].

The addition of 2 wt.% TPU to the PA6 favored the forma-
tion of y-type crystallinity, evidenced by the appearance of a
peak at 20 =21.2°. When a large amount of TPU was incor-
porated into PA6, this peak was further intensified [7, 30]. The
main difference between neat PA6 and the blends is in the
chain axis-repeat length, which is 1.72 nm for the x-form
because of its extended planar conformation, and 1.69 nm
for the y-form due to its twisted helical transformation [28].
The presence of TPU restricts the mobility and weakens the
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Fig. 4 Phase morphologies of
PA6/TPU blends of different
compositions (a) 2 wt.% TPU, (b)
2 wt.% TPU extracted, (¢) 5 wt.%
TPU, (d) 5 wt.% TPU extracted,
(e) 10 wt.% TPU e (f) 10 wt.%
TPU extracted
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Fig. 5 X-ray diffractograms for neat PA6, TPU, and PA6/TPU blends

intermolecular hydrogen bonds of the PA6 chains, preventing
the orderly arrangement to produce o-phase crystals. The ad-
dition of TPU to PA6 destroys its crystallinity to some extent.

Changes in the crystalline structure of the PA6 caused by
the presence of TPU in the blends were observed not only
through XRD but also in the DSC measurements. Figure 6
shows typical DSC curves relative to the first cooling and
the second heating cycles (10 °C/min) for neat PA6, and
PA6/TPU blends containing different amounts of TPU. Neat
TPU did not show a distinct melting peak or crystallization.

Neat PA6 crystallizes at about 177 °C and melts around
220 °C with a shoulder relative to the y-phase melting at
214 °C [31, 32]. A decrease in melting temperature in com-
parison to neat PA6 was observed for the PA6/TPU blends.
The reaction between PA6 and TPU reduces the molecular
motility of the PA6 chains, making it difficult for PA6 to form
crystals, which require a lower temperature to melt due to its
less perfect lamellar structures [12]. The decreasing trend in
the melting temperature of the blends is attributed to the dilu-
ent effect of the soft segment on the crystallizable PA6, mainly
by hydrogen interactions between the urethane groups in TPU
and the amide groups of PA6. The crystallization curve of the
sample containing 10 wt.% TPU showed a peak near 120 °C
associated with the PA6/TPU copolymer formed at the inter-
facial region. The PA6/TPU copolymer formed has a lower
crystallization temperature than neat PA6. Thus, the higher the
number of reactive groups (-NH, and -COOH) the higher the
amount of PA6/TPU copolymer at the interface.

Table 1 summarizes the DSC data for neat PA6 and its
blends with TPU. The enthalpy and crystallinity values are
lower for the blends as compared to the neat PA6, confirming
that the presence of TPU destroys the primary crystallinity of
PAG6 [7, 12]. The incorporation of TPU into the blends also
contributed to the formation of y-phase crystals, as shown by
the XRD results. The y-phase crystals are less stable
(metastable) than «-phase crystals and can be converted into
«-phase by annealing, which causes the formation of
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Fig. 6 DSC curves for neat PA6, TPU, and PA6/TPU blends during (a)
the first cooling and (b) second heating cycle at a constant rate of
10 °C/min

hydrogen bonds between the adjacent parallel chains [30].
The decrease in enthalpy values, crystallinity index, and melt
temperatures are related to the creation of PA6/TPU copoly-
mer at the chain end region. This results in a restriction in the
lamellar fold, producing a considerable amount of amorphous
polyamide.

From the DSC results, it is evident that the reaction be-
tween PA6 and TPU causes a reduction in crystallinity, and
consequently, in the crystallization rate of polyamide. The
non-isothermal experimental data were analyzed regarding
the degree of supercooling (AT¢) [33]. ATc is defined as
the temperature difference between melting in the heating scan
and the onset of crystallization in the cooling scan and can act
as a guide for ranking the polymers on a scale of crystalliza-
tion rates. The variation of AT with cooling rate can be fitted
to a linear Equation [33]:

ATc = (Pp) + AT (3)

where the intercept, AT ¢, is related to the inherent
crystallizability of the polymer and is the degree of



Page90of 15 112

(2019) 26:112

J Polym Res

JUSIOIIJR0D UONB[ALIOD ., I0J0BJ ANAISUIS $52001d :J ‘xopur AMuI[[eisAIo Vo (puajq
Jo wress 1od uorsny jo Adpeypud juaredde My ‘ormerodwo) Sunjow w ], Adjeyiud uonezifeisAio PHy, ermjerodwo) uonezi[eysAo :o] je1 Suneay :d oueypamAjod onserdounayy :nd 1 ‘9 oprweijod :9yvd

6'L1T
6'€C '€'90T 8CE 691 0z
991¢C
1'vC 70T 9'1¢ SOLI Sl
Taqve
9'LT €P0T I'Lg 9L 01
6TIT %M 0]
€660 €l v€S°0 TSI L'8T 6'70T 6'8¢ 6'1LI S Nd1/9vd
6'61C
1'8C 80T T6¢ 9991 0z
81T
€8¢ 8°60C €8¢ ULl Sl
SLIT
7'0€ 60T I'ly 8Ll 01
9'L1T
#5660 L'LeT 96L°0 €91 €1e 01T 9'LE L081 S %M S NdL/9Vd
80TT
L'8T L'60T 98¢ 6691 0z
07T
8'LT L'60T 89¢ $TL Sl
£0TT
6'ST 0IT 9vE TILI 01
1612
L1660 6T 2080 34! 76T 801 Sve €181 S %M T NdL/9Vd
97T
L€g The €9p 9'€Ll 0z
6'1CC
7'9¢ 11T St 8LLI <1
$0TT
23 LT (4%% 1’181 01
'0TC
£€866'0 1'9¢ ¥78°0 881 €6¢ 11T €9p €681 S 9vd
(Do) (;_umu) (%) @) (Do) @) (@N) (ury,)
#d FVAY d vox “HV “L HVY °L & aduweg

Suneay puooag

3u1[009 ISI1{

sajer Suneay/3uIjood JUISHIP Je udde) spusjq NJI1/9Vd PUB 9V jesu Jo elep DSA L d|qel

pringer

As



112 Page 10 of 15

supercooling required in the limit of zero cooling rate, and P is
a process sensitivity factor that accounts for the kinetic effects.
The variation of the degree of under-cooling with cooling rate
indicates the ability of polymer molecules to respond to ther-
mal changes.

The value of P indicates the sensitivity of the polymer
structure to the reactive processing conditions. Thus, the lower
P values for PA6/TPU blends indicate a low sensitivity of
these materials to variations in the cooling rates. Changes in
P and AT’ values manifest the effect of molecular weight
increases. In thermodynamic terms, this means that the
entropy (AS,, = AH,,/T,,) of the molten state is increasing be-
cause of the greater difficulty of PA6 chains to organize.

Since the reactive processing of PA6 with TPU modifies the
rate of phase transformation, the energetic barriers for the crys-
tallization of PA6 and PA6/TPU mixtures could be determined
from the activation energy (AE,xT)), which also considers the
barrier energies for nucleation and growth. The temperature
dependence of a non-isothermal crystallization does not follow
Arrhenius behavior, so in this study, the concept of the effective
activation energy associated with a particular relative crystallin-
ity degree (AE,x)) was employed. The parameter (AE,xr))
was calculated through the differential isoconversional method
proposed by Friedman (FR) (Eq. 4) [34]:

. (dXT) _ o A "
dt (XT RT(XT).J'

where parameter C is the natural logarithm of the pre-
exponential factor (A) multiplied by a function that describes
the crystallization model, dX7/dt is the instantaneous crystalliza-
tion rate, R is the universal gas constant, and T is the absolute
temperature.

The relative degree of crystallinity, X, was calculated
using Eq. 5, where dH/dT is the crystallization enthalpy at
an infinitesimal temperature, and T, and T,, are, respectively,
the onset and end crystallization temperatures.

r (dH.
I, (dT>-dT

XS .
.[TO(dTL)-dT

By selecting an appropriate relative degree of crystallinity,
the values of (dXr7/dt)y,,; were correlated to the corre-
sponding crystallization temperature, T (x,),» for each heating
rate applied.

According to Eq. 3, the effective activation energy at a
given relative degree of crystallinity, AE,xr), is obtained
from the slope (AE,/R) of the linear fitting of ln(dX T)

versus 1/T (x,y ;.

~—

X1),i
The kinetic results presented in Fig. 7 show

the dependence of AE,xr) as a function of the relative crys-
tallization degree for neat PA6 and PA6/TPU blends. The
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Fig. 7 Activation energy as a function of the relative crystallization
degree for PA6 and PA6/TPU blends

activation energies computed were negative and increased
with increasing amount of TPU in the blends. The increasing
tendency of AE,xr, for the blends indicates that polymer
crystallization is disadvantaged as the crystallization pro-
gresses. The PA6 chains are restricted in mobility to crystallize
during solidification due to the increase in molecular weight
[31, 35].

The macroscopic crystallization rate of polymers can be
determined by the rates of nucleation process and nuclei
growth, which can be estimated by Egs. (6) and (7) [36, 37].

s = e ) 0
Gty 7

where r is the crystallization rate, r, is the pre-exponential
factor, kg is the Boltzmann constant, £, is the activation en-
ergy for diffusion of molecules or chain segments across the
phase boundary, T, is the melting point, and AF" is the max-
imum free energy required for nucleus formation, which is
inversely proportional to the degree of the supercooling
(AT’c). According to Eq. (7), the nucleation process plays a
decisive role in the overall crystallization rate at the beginning
of the non-isothermal crystallization, and the number of crys-
tal nuclei increases rapidly. In this case, the term 1/ (AT, O)
relatively large, because T is close to the melting temperature,
Tm. corresponding to the highest AF" value [36].
Consequently, AE, T is initially fairly negative (AE,1) <
—197 kJ/mol for neat PA6) and increases with decreasing T, a
typical anti-Arrhenius behavior. Thus, the increment in
AE,xt, occasioned by the increase of AT’ values results
in a dramatic reduction of AF" and an increase in the Ep
contribution of the crystallization rate promoted by the reac-
tive terminal groups (-NCO, -COOH and -NH,).
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The Hoffman-Lauritzen theory about surface nucleation is
often applied to the analysis of the spherulitic growth rate for
the melt crystallization of polymers. This approach is gener-
ally adopted from direct polarized light microscopy (PLM)
data or indirect isothermal DSC measurements. Nonetheless,
using PLM to probe the growth rate of crystals may suffer
interference from the different crystal spherulites and the pre-
cise control over crystallization temperature. For isothermal
DSC measurements, the baseline used for the determination of
the time to half-time crystallization is difficult to identify,
which limits the calculation of the growth rate of crystals
[38, 39].

Vyazaovkin and Sbirrazzuoly [38] developed a method to
obtain the Hoffman-Lauritzen parameters from non-
isothermal AE, T, data (Eq. 8):

. T 1) -12-10T
Dby = U' KgR(’E)TO_—T)ZT’" (8)
© m

where T is the average temperature associated with a given
relative degree of crystallinity, T, is a hypothetical tempera-
ture at which polymer chain diffusion stops (usually, T, is
30 K below the glass transition temperature, Ty), Ty’ is the
equilibrium melting temperature of the polymer, U is the
activation energy for polymer chain diffusion across the
melt/crystal interface, K, is a nucleation parameter proportion-
al to the surface free energy required for the formation of the
nuclei of critical size, and R is the universal gas constant.
Hoffman-Lauritzen parameters (U* and K,) were computed
using the nonlinear least-squares Levenberge-Marquardt algo-
rithm (LMA) [40, 41]. The T,,” and T, values adopted for the
PAG6 were 501 K and 313 K, respectively [30, 42].

Figure 8 shows the activation energy fitted data as a func-
tion of the mean temperature associated with a specific rela-
tive crystallization degree for PA6 and its blends containing
TPU. PA6 shows two crystallization regimes and an inflection

50 =1 \

-50 4
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Fig. 8 Determination of the Hoffman—Lauritzen parameters from the
activation energy variation with the mean temperature, using Eq. (8)

point at 449 K, while the blends present only one crystalliza-
tion regime. According to Hoffman-Lauritzen’s theory [43],
the constant K, is associated with three regimes. For regimes I
and 111, its theoretical value is 4, whereas for regime 11 it is 2.
In regime I, the nucleation rate is slow, and thus one molecular
chain can crystallize at a time. In contrast, the nucleation rate
of regimen II is faster than the crystallization rate of each
macromolecule, so multiple surface nuclei occur on the same
crystallization surface. Regime III is associated with a fast
crystallization rate, and consequently, only a few folds of a
chain occur before reentering the amorphous phase, which is
usually related to a very large supercooling. The Hoffman-
Lauritzen parameters are summarized in Table 2.

The K, and U* values decreased with increasing
amount of TPU in the blends. Regime I was not ob-
served for PA6/TPU mixtures, probably because of the
small interface existing between the phases, which in-
creases the nucleation rate. The increase of molar mass,
in contrast, retards the growth of the crystalline phase.
Therefore, the decrease in K, values could indicate an
increase in the entropy of the chain folding, and hence
the formation of a less uniform folding surface [44]. The
reduction of Kg values (~1) was also attributed to the
increased flexibility of the chain [45]. In our context,
the TPU used is a polyether, and this could act directly
in reducing the hydrogen bonds density.

Rheology and physicomechanical properties

Figure 9 shows the storage and loss moduli as a func-
tion of angular frequency for neat PA6, TPU, and PA6/
TPU blends. For all samples, a pseudo-liquid viscous
behavior, in which the loss modulus (G”) was higher
than the storage modulus (G’), could be observed.
Also, the storage modulus of the blends increased in
comparison with neat polymers, probably due to a syn-
ergistic effect between the PA6 terminals and the disso-
ciated TPU products. However, the initial values of the
elastic plateau for blends containing 5 and 10 wt.%

Table 2  Hoffman-Lauritzen parameters for neat PA6, and PA6/TPU
blends

Sample Regime K, (10° K% U"(kJmol™") R?
PA6 I 338 33.7 0.984

I 1.16 8.51 0.922
PA6/TPU 2 wt.% 1 - - -

il 1.80 12.5 0.9992
PAG6/TPU 5 wt.% 1 - - -

il 1.67 114 0.987
PA6/TPU 10 wt.% 1 - - -

il 1.08 7.17 0.994

@ Springer
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TPU were similar. The viscoelastic behavior of PA6/
TPU blends depends on the number of terminal groups
in PA6 chains. The values of G’ and G” vary propor-
tionally to the molar masses of the blends, confirming
the values obtained for the reaction degrees.

Polymeric chains that are flexible and fully relaxed exhibit
a power law behavior, with scaling properties of approximate-
ly G'~w” and G" ~ w' (where w is the angular frequency)
[46]. However, practically all materials show some deviation
from the flexible chains (see Table 3). The smallest deviation
is noted for the neat polymers. The increase in molar mass
caused by the reactions between PA6 and TPU accentuates
the deviation from the flexible chains. Thus, it is believed that
the higher the deviation, the more polydisperse the material
becomes [47].

The complex viscosity (n*) profiles of the materials
were fitted using the Cross model (Eq. (9)) [47] by
means the nonlinear least-squares Levenberg—Marquardt
algorithm (LMA) [48]. The correlation coefficients
were > 0.99, and the results are presented in Table 3.

@ Springer

Table3 G’ and G” slopes vs. angular frequency and Cross rheological

constants for the PA6, TPU, and PA6/TPU blends

Sample Slope of ~ Slope of 1" A(s) m P

G vs.w G”vs.w (Pas)

PA6 1.34 0.83 749.1 0.001 0.549 0.963

PA6/TPU  0.79 0.90 3353.8 0.013 0.846 0.972
2 wt.%

PA6/TPU  1.05 0.96 20,482.7 1335 0.618 0.991
5 wt.%

PAG/TPU  0.66 0.39 3.8x10' 1.8x10" 0.477 0.99
10 wt.%

TPU 1.66 1.04 - - - -

PA6: polyamide 6; TPU: thermoplastic polyurethane; G’: storage modu-
lus; G”: loss modulus; w: angular frequency. ne*: complex viscosity at
zero frequency; A: constant; m — 1 = pseudoplastic behavior, m — 0=
Newtonian fluid behavior; 1% : correlation coefficient

The Cox—Merz relation was used to convert the dynam-
ic data in steady-flow viscosities.

TI(Y) = ﬁ (9)
U(Y) Hy%o = n*(wﬂw—»() (10)

where 7 is the shear-dependent viscosity, 7, the zero-shear vis-
cosity, 4 represents the shear rate, w is the angular frequency, A
is a time-dependent parameter associated with Newtonian pla-
teau transition, and m = 1-n (where # is the power-law index, a
dimensionless parameter that accounts for shear thinning).

Neat PA6 shows Newtonian plateau regions at low
frequencies. However, the reaction of PA6 with TPU
results in reducing the Newtonian plateau region, con-
tributing to the transition from the Newtonian to the
non-Newtonian regime. The transition from the
Newtonian regime to the pseudoplastic regime occurs
because at lower frequencies the shear rate does not
affect the convoluted form of the chains. At higher fre-
quencies, the polymeric chains begin to orient towards
the flow, causing the viscosity to decrease rapidly [49].
A high value of A implies a relatively large shear-
dependent contribution to structural breakdown under
shear. When A is large, breakdown occurs at relatively
low shear rates (frequencies). Therefore, the transition
from the Newtonian plateau occurs at lower frequencies
for the blends in comparison with neat PA6. This trend
is attributed to the increased viscous dissipation
resulting from the presence of the interface formed dur-
ing the melt reaction between PA6 and TPU phases
[50]. Parameter n, increases proportionally with the
amount of TPU in the blends and provides a direct
indication that the increase in molar mass is occurring.

The results of the mechanical tests are shown in Table 4.
The elastic modulus data for neat TPU were not presented due
to the non-linear elastic behavior was observed.
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Table 4  Physico-mechanical properties of neat PA6 and TPU and PA6/TPU blends

Sample Elastic modulus ~ Maximum Tensile  Strain at Tenacity (J)  Impact resistance ~ Density H,0 absorption
(MPa) strength (MPa) break (%) (kJ.m?) (kg.m3 ) (33 days)/%

PA6 2528 +£228 80+2 127 £42 32+23 75+25 1.122+£0.001  13.3£0.6
PA6/TPU 2 wt.% 2240 255 73+4 447+£23 250+11 16.8+3.4 1.117+£0.003  13.5+£0.7
PA6/TPU 5 wt.% 2559+ 67 76+3 363+96 200+56 22.6+14 1.114+£0.003 13.4+04
PA6/TPU 10 wt.%  2211+119 68+1 281+60 197 +28 249432 1.111+£0.002  14.2+0.7
TPU - 92+1.2 657 +£24 - 49.1+3.9 1.098+0.003 3.9+0.2

PA6: polyamide 6; TPU: thermoplastic polyurethane

A discrete reduction of the elastic modulus and tensile ~ Conclusion

strength were observed for the blends containing 2 wt.% and
10 wt.% TPU, in comparison with neat PA6. The opposite effect
was observed for tenacity, which reached a maximum value of
250+ 11 J for the mixture with 2 wt.% TPU, an increase of
681.2% over neat PA6. As the TPU is an elastomer with low
tensile stress compared to PA6, its addition to the crystal struc-
ture of polyamide destroys the crystalline regions, as shown by
the DSC and XRD results for the PA6/TPU blends. The hydro-
gens bonds formed between PA6 and TPU contribute to the
reduction of phase separation, and thus, the polymeric blend
shows higher strain at break values when compared to neat
PAG. Similar mechanical results were reported in the literature
[28]. The reduction of the elastic modulus of the blends is di-
rectly associated with the TPU addition, which by presenting
mechanical properties inferior to PA6, causes the reduction of
crystallinity [7]. The elastic modulus of the blend containing
10 wt.% TPU had a reduction of approximately 13% in com-
parison to neat PA6, behavior that was also observed by
GunaSingh et al. [10] for PA6/TPU blends with 15 wt.% TPU.
The addition of TPU improved the impact strength of the
blends in comparison with neat PA6, reaching the maximum
value of 24 kJ/mm? for a 10 wt.% TPU content in the mixture.
The use of an elastomeric phase in polyamides represents a
strategy for an impact modifier, and it is often noted as having
additive rule behavior [7]. The blends showed a nonlinear re-
duction in density values with increasing amounts of TPU, and
this decrease does not follow the mixing rule (see Table 4). As
observed in the micrographs, the decrease in density may be
associated with the increase in the number of pores generated
during the reaction. As expected, the water absorption data
showed that the water uptake for TPU was much lower when
compared to PA6 samples. However, there was no significant
difference between PA6 and PA6/TPU blends (see Table 4).
The PA6 and PA6/TPU blends absorbed water until the 28th
day of testing, after which the absorption tended to stabilize.
The PA6 is part of a set of polymers that can absorb up to
10 wt.% by weight of water in the atmosphere [S1]. For the
PAG6/TPU blends, pore formation and crystallinity reduction
seem to play a critical role in the water uptake, since both
contribute to the diffusion of water into the structure.

This work aimed at the melt modification of PA6, especially
using the transurethanization reaction as a strategy for promot-
ing the molar mass increase of PA6. A model reaction using
amino acid and MDI, suggested the formation of amine and
urea groups during the processing of PA6/TPU. The PA6/TPU
copolymers disturbed to some extent the crystallization of
PA6. Increasing TPU content caused a reduction in the melt-
ing temperature of the blends, probably because of the diluent
effect of the soft segment on the crystallizable PA6. The in-
crease in molar mass of PA6 also resulted in an increment of
the storage modulus and the complex viscosity at zero fre-
quency of the blends, providing a direct indication of the re-
action between the PA6 terminals and the dissociated TPU
product. The pores generated during the reaction, and detected
in SEM micrographs, did not affect the mechanical perfor-
mance. The impact strength of PA6 was significantly in-
creased by the addition of TPU, accompanied by a decrease
in tensile properties because of the crystallinity reduction of
the blends. No significant differences in water absorption or
density values were observed between PA6 and PA6/TPU
blends. We also found that the reactive processing did not
form secondary reaction products that could crosslink the
polymeric chain. Therefore, the incorporation of small
amounts of TPU can be a viable alternative to PA6 recycling
by melt processing due to the increase of the molar mass
promoted by the transurethanization reaction.
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