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CRYSTALLIZATION AND MELTING BEHAVIOUR OF

POLY(m-XYLENE ADIPAMIDE)

B. B. Doudou*, E. Dargent and J. Grenet

Laboratoire PBM, UMR 6522, Equipe LECAP, Universit¢ de Rouen, Institut des Matériaux, Avenue de 1’ Université
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The melting and crystallisation behaviour of poly(m-xylene adipamide) (MXD6) are investigated by using the conventional DSC,
X-ray diffraction and polarised light microscopy. Triple, double or single melting endotherms are obtained in subsequent heating
scan for the samples after isothermal crystallisation from the melt state at different temperatures. The lowest melting peak can be as-
cribed to the melting of secondary crystals. The melting of primary crystals causes the medium melting peak and the highest melting
peak is attributed to the melting of recrystallised species formed during heating. Following the Hoffman—Weeks theory, the equilib-
rium melting temperature is equal to 250°C and the equilibrium melting enthalpy AH. to 175 J g"'. Then, using the
Lauritzen—Hoffmann theory of secondary crystallisation, the analyse of the spherulitic growth shows that the temperature of transi-
tion between the growing regimes II and III is equal to 176°C. Finally the Gibbs-Thomson relationship allows the determination of

the distribution function of crystalline lamellae.
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Introduction

Poly(m-xylene adipamide) (MXD6) is one of the
crystalline polyamide resins. It is produced through
polycondensation of meta-xylene diamine with
adipic acid. It has many distinguished properties
compared with other conventional polyamide resins
such as nylon 6 and nylon 66 [1]. One of the most re-
markable properties of MXD6 concerns its superior
gas barrier properties against dioxygen and carbon
dioxide which are better than those of ethyl-
ene-vinylalcohol copolymers (EVOH), acrylonitrile
copolymers (PAN) and vinylidenechloride copoly-
mers (PVDC) under practical condition. For these
reasons, the MXD6 has been widely applied for
packaging materials, molding compounds and
monofilaments [2]. For instance, it is used by blend-
ing or by multilayer techniques [3] to improve the
gas-barrier properties of poly(ethylene tereph-
thalate) (PET) in bottling industries.

Studies of the crystallization and of the melting
behaviour of MXD6 have not been accomplished un-
til recently. For this reason, we have these behav-
iours under isothermal conditions. Although indus-
trial processes such as extrusion, injection molding
and film production usually proceed under dynamic
non-isothermal crystallization conditions, other
studies have shown that data obtained from isother-
mal experiments are in agreement with those ob-
tained under non-isothermal conditions [4—6]. More-
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over, measurements of crystal growth rates are gen-
erally conducted in isothermal conditions [7].

In this paper, we have investigated the melting
behaviour of isothermally crystallized MXD6 and a
usual thermodynamic analysis was used to obtain the
energetic parameters. The crystallisation processes,
the morphology and the crystal growth of MXD6 are
also studied by thermal analysis.

Experimental

Materials

MXD6 (6007) used in this study is supplied by
Mitsubishi Gas Chemical Co; the number-aver-
age-molecular mass is 25000 g mol '; the density is
1.22 g cm . The unit cell of the crystalline phase is
triclinic and the parameters are: a=1.201 nm,
b=0.483 nm, ¢=2.98 nm, a=75°, 3=26°, y=65° [8].
This is the only aliphatic polyamide resin containing
meta-xylene groups (Fig. 1).

Methods

Wide angle X-ray diffraction measurements

XRD measurements are carried out by reflection at
room temperature with a Kigaru miniflex diffractometer
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Fig. 1 Repeating unit of MXD6
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system using a Cu anode as X-ray source (A=0.154 nm).
Data are collected in the range of 10-50° (20) using
0.02° step and a counting time of 5 s.

Thermal analysis

The melting behaviour of MXD6 samples is investi-
gated by conventional DSC (Perkin—Elmer DSC7).
The melting temperatures are measured at the
extremum of the corresponding peaks. This unusual
procedure is principally forced by the overlap of three
melting phenomena which impedes the determination
of the onset as well as of the end of peaks; it is impos-
sible to determine the first or the last trace of fusion.
Then this procedure is the least bad method to mea-
sure a melting point.

Prior any in situ isothermal crystallisation, the
samples are heated up to 300°C at 10°C min ' and
maintained at this temperature during 5 min to erase
previous thermal histories. Then, they were rapidly
cooled down to the selected temperatures where they
were isothermally crystallised during various periods.
After this crystallisation stage, the samples are rap-
idly cooled down to room temperature and finally,
they are heated and analysed at 10°C min .

The sample mass is equal to 10+1 mg and all the
DSC runs are carried out under nitrogen atmosphere
to minimise oxidative degradation. Before any exper-
iment, the baseline is recorded using empty alu-
minium pans (reference and sample), and the calorim-
eter is calibrated by using melting temperature and
enthalpy of a high purity indium standard (156.6°C
and 28.45J g").

Crystallisation kinetics

Isothermal spherulitic growth rates of MXD6 are
measured using a polarised light microscopy (Leica
DM LM) equipped with a LinKam hot stage (CI94)
and a video recording system. Samples are prepared
by melting and crystallising the MXD6 sample into
aluminium pans using a similar thermal protocol:
1) heating ramp up to 300°C, 2) isothermal holding
during 5 min to erase thermal history, 3) fastest cool-
ing down to the crystallisation temperature between
150 and 200°C and crystallisation (because the air
cooling of the LinKam stage, the cooling rate was es-
timated to 20°C min '; this is the difference between
both protocols) and 4) isothermal crystallisation. Dur-
ing the stage 4, the spherulites radii are measured di-
rectly from the video-recorded image. Finally the
spherulitic growth rates are determined from the
slopes of radii vs. time plots.
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Results and discussion
Melting behaviour of MXD6

Before any DSC analyse of crystallised MXD6 sam-
ples, Fig. 2 presents the DSC trace of a heating run
carried out on a fully amorphous sample (it was
judged amorphous regards with the lack of X-ray dif-
fraction peaks). Evidenced by the endothermic heat
capacity jump AC,, the glass transition appears for
78°C<Ty<93°C, the thermal cold crystallisation is re-
vealed by an exothermic phenomenon lying between
125 and 160°C, then a second exothermic phenome-
non appears around 7=205°C. Finally, the melting of
the crystalline phase is revealed by an endothermic
peak occurring between 210 and 244°C. For polymers
showing similar DSC data variations, the exothermic
peak located just below the endotherm is generally at-
tributed to a polymorphism [9] or to a crystalline reor-
ganisation [10]. In order to investigate the crystalline
structure of MXD6 isothermally crystallised from the
melt at different temperatures, XRD measurements
were carried out. Figure 3 shows the XRD patterns for
three various crystallisation temperatures. Obviously,
each sample exhibits six peaks at 260=14, 18.9, 21,
21.6, 23 and 25.6°, corresponding to the reflection of
planes (002), (100), (010), (012), (011) and (11 1) re-
spectively. The third thermal crystallisation tempera-
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Fig. 2 DSC curve of a fully amorphous MXD6 sample (the
heat flow is normalized to 1 g of matter)
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Fig. 3 XRD curves of MXD6 annealed at: a — 120°C,
b—200°C and ¢ —209°C
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ture (7.=209°C) was chosen just above the second
exothermic peak in such a way that if any change in
the crystalline parameters occurs during this
exotherm, one can expect modifications of the corre-
sponding XRD pattern. It is clear in Fig. 3 that the
crystallisation temperature did not affect the position
of these peaks and the crystalline parameters. As a
consequence, the secondary exotherm peak is quite
probably due to a crystalline reorganisation. Indeed,
when the sample is crystallised at low temperature,
the crystals are ill-formed and then relatively prone to
be re-organised during heating to a crystal population
having a higher thermodynamic stability.

Figure 4 shows DSC thermal phenomena for
MXD6 samples recorded after complete crystal-
lisation from the melt state at various crystallisation
temperatures ranging from 150 to 200°C. Either dou-
ble or triple-melting endotherm and one exotherm
peak are observed. These endothermic peaks are la-
belled I, II and III for lowest, medium and highest
temperature melting endotherms, respectively and the
temperatures at maxima will be therefore denoted 71,
Ty and Ty in an increasing order.
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Fig. 4 Melting endotherms (normalized to 1 g) of MXD6 re-
corded with a heating rate of 10°C min™', after com-
plete isothermal crystallisation at the specified
temperatures

These results show clearly that the melting be-
haviour strongly depends on the crystallisation tem-
perature T.. For the lower side of the studied domain
(T:<185°C) two endothermic melting peaks and a sin-
gle exothermic peak are evidenced whereas for the
upper side, the exothermic peak disappears and the
three melting endothermic peaks are only present.
Figure 5 reports the variations of melting tempera-
tures as a function of crystallisation temperature and
clearly shows that both peaks I and II move towards
higher temperatures as the crystallisation temperature
increases while peak III seems to be independent on
the crystallisation temperature. Added to the presence
of the exotherm, this stability suggest to allocate the
endotherm III to the melting of the recrystallised crys-
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Fig. 5 Variation with the crystallisation temperature 7 of low-
est, intermediate and highest melting temperatures (77,
T, Tin) as determined after complete crystallisation
from the melt state. The dashed line (- - -) shows 7=T
and allows the location of the melting temperature. The
dotted line (- - -), linear regression of Ty vs. T

tallites [11, 12]. At this place of the text, let us notice
that the difference between 77 and 7. is appreciably
constant and equal to 12+0.5°C whatever the temper-
ature of crystallisation. The DSC scans reported
Fig. 6 show the gradual evolution of the crystalline re-
organisation with the duration of the isothermal
crystallisation carried out at 7,=201°C. T; shifts to
higher temperature with increasing crystallisation
times and the magnitude of peak II increases with
time and whereas this of peak III decreases. As shown
in Fig. 7, T; increases linearly with the logarithm of
the crystallisation duration. This kind of dependence
is conventionally associated with secondary crystalli-
sation [13, 14]. Then we can attribute the endotherm I
to the melting of secondary lamellae.
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Fig. 6 Melting endotherms (10 K min™") of MXD6 samples af-
ter crystallisation at 201°C for different durations (as

indicated)
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Fig. 7 The dependence of 7 on crystallisation duration
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The middle melting endotherm II clearly in-
creases with crystallisation time (Fig. 6) whereas the
magnitude of the endotherm III which is due to the
melting of recrystallised crystallites decreases. Fi-
nally, endotherms II and III merge for the sample after
90 h of crystallisation. This reveals that a larger frac-
tion of the MXD6 molecules can crystallise into more
perfect crystals when the crystallisation time is in-
creased, and that the fraction of material able to
re-crystallise is reduced relatively. As it is known that
at the highest crystallisation temperatures and for the
longest durations primary crystals are favoured
[15, 16], endotherms II are considered to be charac-
teristic of the melting of the crystals formed during
the primary crystallisation.

For a better understanding of the crystallisation
behaviour, the MXD6 crystal growth rate was stud-
ied with the help of the Hoffman and Lauritzen the-
ory. But first and foremost, it is necessary to deter-
mine the equilibrium thermodynamic parameters of
the polyamide.

Equilibrium thermodynamic parameters

Up to now, the equilibrium melting enthalpy AH?
and the equilibrium melting temperature 7, of MXD6
have not been yet determined and are not available
from literature. However, it is necessary to know
AH to calculate the degree of crystallinity of the ma-
terial. In the same way, it is necessary to know T to
determine the size of the crystals and to understand
the supercooling dependence of the multiple melting
peaks of MXD6. These parameters will be classically
determined by extrapolation.

Equilibrium melting enthalpy

On the one hand, there is a linear relationship between
the total degree of crystallinity X, of sample the
enthalpic quantity (AH,—AH.) [15]:

b
AH?

m

X.=—L _(aH, —aH) (1)

where AH,,, and AH, are the melting and cold crystal-
lisation enthalpies obtained by DSC measurement re-
spectively (Fig. 2). On the other hand, this degree
could be obtained by resolving the overlapping of
crystalline peaks of X-ray diffraction with Gaussian
functions [17]. Figure 8 shows the plot of (AH,,—AH,)
vs. X, for MXD6 samples and the linear least square
fit. The slope of this straight line provides the evalu-
ated value of AH: 175410 J g”'. This value is close
to the values of AH available in literature for other
polyamides: PA 6-6 (188.3 J g) [15], PA 6-10
(211.7 T gy [18] and PA 10-10 (244.0 T g [19].
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Fig. 8 (AH,—AH.) vs. X, for MXD6 samples; X, from X-ray
diffraction, AH,,, and AH, from DSC measurements

Equilibrium melting temperature

According to a theory derived by Hoffman and
Weeks [20] (also known as the linear Hoffman—
Weeks extrapolation), the equilibrium melting tem-
perature 7', which is the melting temperature of infi-
nitely thick crystallites, can be estimated at the inter-
cept of the linear extrapolation of the variations of the
melting temperature 7, vs. crystallisation temperature
T. and of the line 7,,=7T.. Mathematically, this could
be expressed by the equation:

m=n+mﬁ—ﬂ @)
2B 2B

where B (=L./L,) is the ‘thickening ratio’; in other
words B3 indicates the ratio of the thickness of the ma-
ture crystallites L. to that of the initial ones L. It is al-
ways supposed to be greater than or equal to 1. As
shown in the experimental part, the peaks of type II
correspond to the melting of primary crystals. Then
the temperature at the maximum of these peaks could
be considered equal to T}, in the determination of 7"
As already displayed in Fig. 6, Ty varies linearly with
T., at least within the temperature range of interest.
The intersection of the least-squared fit (7 vs. T¢)
with the line 7,,=T, provides the values of 7. Then,
T? is evaluated to be equal to 250+2°C which is rela-
tively close to the values of PA 6-6 (280°C) [15],
PA 6-10 (238°C) [18] and PA 10-10 (214°C) [19] no-
ticed in literature.

Isothermal crystallisation behaviour of MXD6

Figure 9 shows spherulite-shaped crystallites of
MXD6 isothermally crystallised at 180°C observed
by polarised light microscopy. At constant tempera-
ture, the plot of the spherulite radii vs. time of
crystallisation allows the determination of the
spherulitic growth rate G (Fig. 10). According to the
shape of the curves, one can suppose that the radius of
spherulite increases linearly with time until the

J. Therm. Anal. Cal., 85, 2006
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b 1D W ¢
Fig. 9 Polarised light micrographs of MXD6 isothermally

crystallised at 180°C; crystallisation durations:
a—68s;b—113s;¢c—-257s;d-351

spherulites touch on each other and G is given by the
slope of the mean square straight line fit. As shown in
Fig. 11, the spherulitic growth rate increases when the
crystallisation temperature decreases. As already
mentioned in the experimental part §2.4, it should be
noticed that due to weakness of the possible highest
cooling rate (%20 K min "), it is impossible to get a
fully amorphous sample at low temperature. There-
fore it is difficult to explore the whole temperature
domain. This could be observed in Fig. 10 where for
the lowest crystallisation temperatures the lines radii
vs. time do not go through the origin showing the ex-
istence of initial crystallites. However, these initial
crystallinity do not modify the spherolitic growth rate
at least as long as crystallites do not overlap.
Lauritzen and Hoffman [21] in their secondary
nucleation kinetics theory of polymer crystal growth
suggest that the polymer crystallise in three different
regimes and that a crystallisation regime depends on
two processes: the first one consists into the deposi-
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Fig. 10 Plots of radius of spherulite vs. crystallisation time
when the sample is isothermally crystallised at differ-
ent temperatures
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Fig. 11 Plot of spherulitic growth rate of MXD6 vs.
crystallisation temperature. The spherulitic growth

rate is determined from the slope of the plots of radii
vs. time in Fig. 9

tion of the secondary nucleus on the growing face and
the second one corresponds to the lateral spreading of
polymer chains or segments of chain across the face.
The regime I occurs when the lateral spreading rate is
greater than that of the surface nucleation rate. The re-
gime II is observed when the rates of the two pro-
cesses are comparable while the regime III occurs
when the rate of secondary nucleation is greater than
these of the lateral spreading. Fundamentally, a tran-
sition between regimes is observed as a break in the
growth rate data according to the crystallisation tem-
perature or, to be exact, the degree of supercooling. In
other words, the regime I is observed at the highest
temperatures. At moderate supercoolings, the re-
gime II is observed. Finally the regime III is ob-
served [22] when the supercooling is further contin-
ued. Due to the relationship of the growth rate with
the secondary nucleation rate in all the regimes, it is
obvious that one should observe a downward break in
the growth rate data at the point where the re-
gimes [-II transition occurs, and an upward break for
the regimes II-III transition. In this context, the linear
growth rate G of the spherulitic growth of MXD6 is
given by the following equation:

G=Gexp| U exp| e 3)
Y p(R(TC—Tw)j Pl rar

where Gy is a pre-exponential factor which is not
strongly dependent on temperature, U* is the activa-
tion energy for the transportation of segments of mol-
ecules across the melt/solid surface interface and is
usually equal to 6279 J mol™ (1500 cal mol™), R is
the gas constant, T, is the temperature below which
all viscous flow {7..=T,-30}, AT is the degree of
supercooling defined by 7, T, f {=2T/(T.+T.)} isa
correction factor which accounts for the variation in
the heat of fusion of perfect crystal with temperature,
and K, is the nucleation exponent defined as
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K — &bOGGeTn?

4)
* kyAH

where £=2 for regime II (intermediate temperatures)
and 4 for regimes I (high temperature) or I1I (low tem-
perature), by denotes the crystal layer thickness along
the growth direction, o and o, are the lateral and fold
surface free energies respectively. T, is the equilib-
rium melting temperature, kg is the Boltzmann’s con-
stant, and AH, the equilibrium melting enthalpy per
unit volume for a fully crystalline polymer {AH'=
AH? p.}. It is often convenient to rearrange Eq. (3) as
the following equation:

*

K
UizlnGo —_ g
R(T,-T,) fT.AT

when the value of the left-hand side of (5) is plotted
vs. 1/(fT.AT) the nucleation exponent (K,) is equal to
the slope of the plot. Figure 12 shows a transition be-
tween regime I and I1I in the vicinity of 176°C. Then,
the slopes of the fits lead to K,(I[)=2.1- 10° and
K, (11I)=4.4- 10°. The ratio of K(III) to Ky(II) equal to
2.1, is close to 2.0 as predicted by the
Lauritzen—Hoffman theory.

Prior to the determination of crystal thickness, it
is necessary to calculate free energies 6. and ¢ of the
fold and the lateral surfaces respectively. Using
Eq. (5), . could be determined from K, value. With
b=0.483 nm, T.=250°C, a crystal density
p=121 gem™ and AH'=211.75 ] cm” , 66, is esti-
mated to be equal to 1203-10™"* J* cm™. The lateral
surface-free energy ¢ may be estimated by the empiri-
cal relation of Thomas—Stavely [23]:

6 = aAH (agho)'"” (6)

InG + (5)

where a is the molecular width, and a is an empirical
constant usually assumed to be equal to 0.1. Thus &
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Fig. 12 Analysis of the spherulitic growth rate of MXD6 using
Lauritzen-Hoffman theory of secondary crystallisation
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can be estimated to be 16.1-10" J cm * and finally the
fold surface free energy o, to 74.6:107 J cm .

Determination of crystalline lamellae thickness

The thickness e is based on the approximate expres-
sion of Gibbs-Thompson giving the depletion of the
melting point with the thickness [15]:

T, =Tr: 1_2075 (7)
eAH,.p,

where T, and 7] are the melting temperatures of a
lamella of thickness e and the equilibrium melting tem-
perature respectively. The relation of Gibbs-Thomp-
son, which supposed that the lamella thickness e of
crystals is very small compared to other dimensions
and the melting of crystals occurs without reorganiza-
tion at the equilibrium, is particularly appropriate for
polymers crystallised in a spherulitic form. From DSC
melting curve and thanks to this relationship, Fig. 13

el
L

C

d(X )/d(e)/%nm™"
N

w
L

I [ I
5 10 15 20
Thickness/nm

Fig. 13 Distribution function d(X;)/d(e) of crystalline lamellae
thickness

shows the distribution function thickness of lamellae
centred on 13-15 nm; this distribution is similar to
these already observed for PET which has the same
unit cell and the same melting behaviour [24, 25].

Conclusions

This work deals with the crystallisation and melting
behaviours of the polyamide MXD6 under isothermal
conditions. Samples after isothermal crystallisation
from the molten state at different temperatures, triple,
double or single melting endotherms were obtained in
subsequent heating scan of the samples. The endo-
therm I which appeared about 12°C above the crystal-
lization temperature, was attributed to the melting of
the crystals formed during the secondary crystalliza-
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tion, intermediate endotherm II to the melting of the
crystals formed during the primary crystallization and
the highest endotherm III to those formed as a result
of remelting of recrystallised crystallites. The spher-
ulitic growth kinetics were analysed using the
Lauritzen-Hoffman theory of secondary crystal-
lisation. The equilibrium melting enthalpy and the
equilibrium melting temperature were determined, re-
spectively. With the help of the Gibbs-Thompson re-
lationship, the distribution function of crystalline
lamellae size could be determined.
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