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Introduction

Results of research into free volume in
PA/P(n-BA-co-MMA) blends have been
given in our earlier papers [1-3]. Polya-
mide/acrylic rubber blends exhibit a posi-
tive mixing volume accompanied by a
lack of free volume additivity. The blends
are not miscible. Acrylic rubber is dis-
persed in a glassy matrix of polyamide 6,
and a good compatibility of mixture com-
ponents is observed. The positive volume
of mixing for the blends in the case of
immiscible polymers is assumed to be
evidence of looser packing of macromo-
lecular chains and of the formation of
additional free volume at the phase
boundaries. The interesting question is
whether the ortho-positronium character-
istics in the positron annihilation lifetime
spectra (used in the evaluation of the frac-
tional free volume) are influenced by the
presence of crystalline regions in the
samples studied. Thus, the influence of
crystallinity in polyamide 6 on the
positron annihilation mechanism must be
considered in order to properly analyse
the results. In polyamide 6 two crystal-
line forms, o and 7y (looser packing of
chains), occur. In this paper, an attempt
to investigate the possible influence of
morphology of the polyamide 6 on the
ortho-positronium characteristics is pre-
sented.

Sample preparation

Polyamide 6 (Stilamid S-24) was melted
and homogenised in a Brabender-like
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Abstract

This paper presents the DSC, WAXS, SAXS, and Raman scattering measurement results,
as well as the spectra the ortho-positronium mean lifetime for three PA 6 samples of differ-
ent morphology. The aim of this work was estimation if the morphology of the samples
influences the positron annihilation mechanism. From the ortho-positronium annihilation
characteristics, it is seen that above the glass transition temperature of the unmodified PA
6, the intensity of the long-lived component depends on the packing of PA 6 chains in part
of the crystalline regions in the sample. We state that only the results from the WAXS and
SAXS measurements give the most detailed picture of the morphology of the investigated
samples, and that the ortho-positronium characteristics seem to agree well with the WAXS

and SAXS data.
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mixing chamber operating at 230-240°C
under nitrogen for 3 min. Immediately
after melting, the melted mass was placed
in a hot press, and 2-mm thick plates were
moulded. The plates were cut into strips
(denoted as PA6 raw). Some strips were
additionally modified in two ways: a) PA
strips were melted once more and then
quenched in liquid nitrogen (PA6 LN), b)
they were treated with water vapour in a
Melag autoclave (134 °C, 2.1 bar, 3 cycles
each 30 min, denoted as PA6 H,0).

Results

DSC measurements

Differential scanning calorimetry (DSC)
measurements were carried out on a
Mettler Toledo DSC 821 apparatus. All
the samples were first melted (25-245°C,
heating rate 10 K/min), held for 2 min at
245°C to destroy all the crystallites, and
then cooled to -30°C at a cooling rate of -
10K/min, maintained for 1 minute at this

temperature, and again heated to 245°C
with a heating rate of 10 K/min. Values
of melting enthalpies (AH ) were ob-
tained from the area of endothermic
peaks. The crystallinity degrees were cal-
culated according to the following equa-
tion:

— m
Ko = AH
100

(1

where AH | is the measured value of the
melting enthalpy and AH,  is the enthalpy
of 100% crystalline PA taken as 190 J/g

[4].

As the polyamide samples were exposed
to different thermal and chemical treat-
ment, the first scan upon heating is of
particular interest. It is interesting to com-
pare the DSC traces from the first and
second scans upon heating, since they can
reflect the structural changes caused by
different processing conditions. The heat-
ing curves (1st scan) for the PA samples
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Figure 5. Comparison of WAXS curves for PA6 raw, PA6 LN and PA6
H,0. Curves have been shifted along the Y axis for better clarity.

are shown in Figurel. Polyamide 6 as re-
ceived (PA6 raw) and quenched polya-
mide (PA6 LN) show nearly the same
melting peaks. A small exothermal peak
just before the melting point of PA6 LN
indicates the so-called pre-melt crystal-
lisation. This is evidence that this sample
has not reached its maximum crystallin-

1ty.

In spite of this, the crystallinity level of
PA6 LN is only somewhat smaller than
in PA6 raw (Table 1). The structure of
polyamide 6 crystallised from the melt
may be influenced by several factors
such as thermal history, applied stress,
moisture and the additives that are pre-
sent. In general, rapid cooling and a low
crystallisation temperature promotes the
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y-form of polyamide 6, while higher
crystallisation temperatures or a slow
cooling rate lead to the a-form. Our re-
sults do not indicate polymorphism; only
monoclinic crystallites melt at 220-
222°C are visible, there is no hexagonal
fraction at 215°C. Completely different
melting behaviour was observed for the
polyamide processed in an autoclave
under high pressure, water vapour and

Figure 6. WAXS pattern of the sample PA6 H,0 — amorphous and
crystalline components.

temperature (PA6 H,0). Here the main
endothermic peak, related to the a-form,
splits up. Both phases probably have the
same chain arrangement characteristic of
the monoclinic form, but the higher peak
corresponds to crystallites with bigger
lamellar thickness. Additionally, the for-
mation of a small shoulder prior to the
maximum of the endothermic peak is
visible. It may be associated with the y

Tablel. Melting enthalpies, melting temperatures and level of crystallinity for PA samples.

January / December 2005, vol. 13, No. 5 (53)

1¢t scan 2" scan
Sample N c o e
rystallinity o crystallinity
AH (J/g) T.(°C) (wt.-%) AH (J/g) T.(°C) (wt.-%)
PA6 raw 67.12 222 56.02 221 29
PA6 LN 63.44 220 56.35 221 29
PA6 H,0 88.29 219 223 55.40 221 29
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Figure 7. WAXS pattern of the sample PA6 H 0O — combination of the
crystalline components: 1 — o (002), 2 — o (200), 3 — v (200), 4 —
¥(020), 5— 0. (020/220), 6 — o (2-20/420), 7 — v (004), 8 — o (-240).

crystalline form of polyamide 6, as sug-
gested by various research works [5, 6].

Most experiments with PA6H,O show a
double peak with small shoulder at low
temperature during the first melting (see
examples of two traces in the upper part
of Figure 2). Nevertheless, for this sample
one can find DSC traces with the third
peak also. The third endotherm maxi-
mum, located at 115°C, is associated with
the presence of vy crystallites in the PA6
H,O. Such discrepancies during the first
melting may be caused by irregular heat
transfer depending on the shape of the
sample when processed in the autoclave.

The results of non-isothermal crystallisa-
tion studies are presented in Figure 3. All
samples exhibit nearly the same crystalli-
sation temperature and peak width regard-
less of their prior thermal history. Stress
and thermal histories do not remain after
melting.

After the same crystallisation conditions
(not only in terms of experimental param-
eters), all three samples, i.e. PA6 raw, PA6
LN and PA6 H,0, show identical beha-
viour during the second melting scan (Fig-
ure 4). The corresponding melting peaks
at 221°C exhibit shoulders at 210°C that
are associated with a small amount of the
polyamide y-form.

X-ray measurements

Wide-angle X-ray diffraction (WAXS)
investigations were conducted at room
temperature using a Seifert URD-6
diffractometer in the reflection mode us-
ing Ni-filtered CuK  radiation. The dif-
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fraction scans were collected between 20
values from 5° to 60° with a step of 0.1°.

Polyamide 6 is a polymer with two crys-
talline modifications, namely o phase and
Y phase. The o phase has a monoclinic
structure, where neighbouring anti-paral-
lel chains form hydrogen bonds, which
in turn generate a planar hydrogen-bon-
ded sheet (ac-plane). These sheets stack
together via van der Waals interactions.
This structure gives two inter-chain dif-
fraction signals at spacings of 0.44 nm
(indexed as (200)) and 0.37 nm (indexed
as (020)/(220)), respectively. The single
sheet generates a (002) diffraction signal
from the planes of C=0 groups at a spac-
ing of 0.862 nm (see Figure 7).

The y modification also has a monoclinic
structure, but because the amide units tilt
and rotate out of the ac-plane, hydrogen
bonds occur between parallel chains,
which explains a reduction of the two in-
ter-chain distances in the region of 0.40
— 0.42 nm. The hydrogen bonding is
poorer in the d-form compared to the y-
form.

The WAXS data shown in Figure 5 re-
vealed that o and y forms co-exist in all
the samples studied. Which one of them
is predominant depends on the sample
preparation conditions: the time and tem-
perature of crystallisation, or the presence
of moisture or certain additives. In order
to determine the content of these poly-
morphic forms, the WAXS curves were
deconvoluted into crystalline and amor-
phous scattering components using the
OptiFit profile fitting program [7]. Each
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Figure 8. Comparison of SAXS patterns for the studied samples.
The scattering indicates the existence of a superstructure with pe-
riodic fluctuations of elelctron densities.

peak was modelled using a Gaussian-
Cauchy peak shape. The areas of the
peaks obtained from the analysis were
used to estimate the degree of crystallin-
ity for each phase, i.e. the ratio of the
areas of the crystalline reflections to that
of the total area of the scattering curve
(amorphous + crystalline). Figure 6 is a
representative example of a diffraction
curve that has been resolved into crystal-
line and amorphous scattering compo-
nents using the peak fitting software.
Moreover, the crystalline peaks are pre-
sented in the separate Figure 7 for better
visualization.

WAXS measurements indicate that the
best crystalline structure appears in the
sample PA6 H,0. Respective peaks are
clearly separated. The reflections corre-
sponding to a(002) and y(004) — weak or
not detectable in case of other samples —
are clearly visible here. Rapid cooling in
liquid nitrogen resulted in the highest
content of the a- form (less stable in a ther-
modynamic sense and less dense) in the
PA6 LN sample. The studied samples dif-
fer in the size of the crystalline regions.
The largest crystallites are present in the
sample PA6 H,O.

The small-angle X-ray (SAXS) investi-
gations were performed by means of a
MBraun (Austria) SWAX camera which
utilises the conventional Kratky collima-
tion system. The front of the camera was
directly mounted on the top of the tube
shield of a stabilised Philips PW 1830 X-
ray generator. The X-ray tube worked at
a power of. 1.5 kW. CuK ; monochro-
matisation was performed by a Nif} filter
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and pulse height discrimination. The en-
trance slit was adjusted to 50 pum. Scat-
tered radiation was recorded over a count-
ing time of 900 s by means of an MBraun
linear position-sensitive detector, PSD 50
model. The detector had 1024 channels
with a channel-to-channel distance of 52
pm. The experimental SAXS curves were
corrected for sample absorption and de-
smeared of collimation distortions by
means of the 3DVIEW computer program
supplied by MBraun.

SAXS patterns for studied samples are
shown in Figure 8. The appearance of the
scattering peak indicates the existence of
a superstructure with periodic fluctuations
of electron densities, which are mainly
related to the alternating lamellar and
amorphous layers. Further analysis of
SAXS data was carried out by means of
the correlation function which allows the
lamellar thickness (1) and the amorphous
layer thickness (1) to be determined, as
well as the long period L =1 + 1. The
results are presented in Table 2. The best
lamellar structure appears in case of the
sample PA6 H,O, in which the thickness
of the amorphous layer is the highest (c.f.
the values of the long period from the cor-
relation function-L and thickness of the
crystalline lamellae-1_ given in Table 2).
SAXS results indicate that the lamellar
morphology is the most uniform in the PA6
H,0 sample. The DSC (first scan) detected
the y-form only for the PA6 H,O sample.

Raman scattering

The Raman spectra were acquired using
the Magna System 860 spectrometer. A
laser power of 1.5 W and a resolution of
8 cm! were used. The diameter of the la-
ser beam was 0.25 mm. Five different re-
gions of each sample were studied. Then,
the results of the measurements were
summarised and averaged.

The Raman spectra were analysed (Figure
9) in the way described in [8, 9]. The band
1125 cm’!, characteristic of the planar A
conformation (present only in the o-crys-
talline form), and the band 1079 cm’!, char-
acteristic of the twisted B conformation
(present in the mesomorphous material and
the y-crystalline form) were taken into ac-
count. The intensity ratio of the bands (I, ../
I,,,,) higher than 1 for PA6 raw and PA6
LN corresponds well to the WAXS data
for the samples. On the other hand, rough
estimation indicates that more than 50%
of the a-crystalline form is present in the
sample PA6 H,O, which does not coincide
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with the WAXS data. The total crystallin-
ity of the sample from DSC is 46%.

Positron lifetime measurements

Positrons are well established probes of
electronic structure, surface, defects and
phase transitions (for further details see
[10]). Positron annihilation in polymers
have been the focus of attention for in-
vestigators from the very beginning of the
development of positron annihilation
spectroscopy [11]. Long lifetimes (of the
order of 107 s) occurring in positron an-
nihilation lifetime spectra, measured for
polymer samples, result from the pick-off
annihilation of ortho-positronium. Posi-
tronium (the bound state of a positron and
an electron), due to its interaction with a
medium, localises in regions of low den-
sity existing in a substance: pores in po-
rous materials, free volume holes in poly-
mers, or even those which it creates (c.f.
bubbles in liquids).

According to a simple quantum-mechani-
cal model [12, 13], the ortho-positronium
lifetime and its intensity extracted from
the lifetime spectra give the information
on the region where the ortho-positro-
nium (o-Ps) was annihilated.

Such a trap is approximated by a well of
an infinite square potential of spherical
symmetry (for further details see [14]).

Table 2. Results of WAXS and SAXS Studies.

The pick-off annihilation of the ortho-
positronium takes place with electrons
from a layer with constant density of elec-
tronic charge and width AR. The o-Ps life-
time 7 in that case is given as follows:

T =2_1|:1—$+(27r)_1 sin(RZfiRﬂ_IQ)

where R denotes the radius of the spheri-
cal trap, while AR=1.656 A for molecu-
lar solids. This is an empirical parameter
obtained by fitting the measured o-Ps life-
times in materials of well-defined empty
space (e. g. pores in zeolites [15].

Positron annihilation lifetime spectra
were measured using a conventional fast-
fast coincidence system with a gaussian
function of the time resolution with
FWHM of about 270ps. The channel
width was 40 ps/channel. The sample
chamber was pumped by a vacuum sys-
tem (up to 107 mmHg), and combined
with a cooling system (CW303, Iwatani)
with a temperature control device for au-
tomatic measurement from 35 to 370 K
at a 5 K/h rate. The positron annihilation
lifetime spectrum was saved every hour,
resulting in about 1.2 million events in
each spectrum. The experimental spectra
were analysed using the LIFETIME
programme v. 9 [16]. Two discrete short-
lived components with lifetimes of 1 =

- Weight Weight
Crystallinity f f D D
Sample (WE.%) fraac::)c:_rr\nof fréycft;?'rr:lof [ﬁﬁ%ﬂ) [ﬁ('g'g'tf [nm] [nin]
PAG raw 0,461 0,387 0,074 3,3 3,7 6,3 2,9
PA6 LN 0,462 0,348 0,114 2,7 54 6,2 2,5
PA6 H,O 0,441 0,363 0,078 10,7 121 8,4 3,2
r20
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Figure 9. The Raman spectra for the studied samples.
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Figure 10. The intensity of the long-lived component in the positron

annihilation lifetime spectra.

140 ps and 1,~= 400 ps, and one long-lived
one with log-normal distributions of the
lifetimes appeared to fit the experimental
spectra best. It is generally assumed that
the long-lived component comes from the
ortho-positronium annihilation by pick-
off in free volume holes. The intensity and
the mean value of the log-normal distri-
bution of the lifetimes are used for cha-
racterising free volume in polymers. The
intensity and the mean value of the log-
normal distribution of lifetimes corre-
sponding to the long-lived component are
given for the samples studied in Figures
10 and 11.

Conclusions

Changes in crystallinity and morphol-
ogy of the polyamide due to special
treatment with water vapour and lig-
uid nitrogen (although not so great as
expected) were detected by all meth-
ods (DSC, X-ray diffraction and
Raman scattering).

The values of total crystallinity from
X-ray diffraction are higher than the
corresponding ones from DSC in the
cases of PA6 raw and PA6 LN, while
in the case of PA6 H,0O, the sample of
the best crystalline structure, the re-
sults of the two methods are very close.
The total crystallinity was not esti-
mated from Raman scattering.

The information on morphology of
samples obtained from X-ray diffrac-
tion is not supported by the DSC re-
sults (no polymorphism of the PA6 raw
sample and the PA6 LN), while rough
estimation of the o.- form content in PA6
raw and PA6 LN from Raman scatter-
ing (~35%) is in good agreement with
the estimation from the WAXS data.
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Figure 11. The mean lifetime of the log-normal distribution of

ortho-positronium lifetimes.

However, the a-form content in PA6
H,0 was overestimated on the basis of
data from the Raman scattering.

From the ortho-positronium annihila-
tion characteristics, it is seen that above
the glass transition temperature of the
unmodified PA6, the intensity of the
long-lived component is distinctly
higher for the sample PA6 LN than for
the PA6 raw and PA6 H,O samples.
This may be connected with the looser
packing of PA6 chains in part of the
crystalline regions in the sample. The
results of WAXS indicate that in PA6
LN the content of the y-form is higher
than in the samples of PA6 raw and PA6
H,0. Taking into account that the den-
sity of 'y phase is about 6% less than the
density of o phase, these subtle changes
in the y phase content can affect the
long-lived component.

In Figure 11, in the same region of tem-
perature as the above points corre-
sponding to the mean lifetime of the
ortho-positronium in PA6 H,O are ar-
ranged a little higher in comparison to
those for PA6 raw and Pa6 LN. One
may suspect that it is the result of the
influence of the better crystalline struc-
ture on the neighbouring amorphous
regions. Stretching those regions could
result in broadening the amorphous
layer as seen from the SAXS data and
increase in size of the free volume
holes. As an indication of the latter,
one could assume the tendency of the
arrangement of the points for the PA6
H,O sample seen in Figure 11.

At this stage of our studies, only the re-
sults from the WAXS and SAXS mea-
surements give the most detailed pic-
ture of the morphology of the investi-

gated samples. The ortho-positronium
characteristics, extracted from the
positron annihilation lifetime spectra,
seem to agree well with the WAXS and
SAXS data.
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