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INVESTIGATION OF STRUCTURTURAL CHANGES OF POLYCAPROAMIDE
UPFON THERMAL TREATMENT

A.A. Khaydarov®, 8. Collins”, 8.5h. Rashidova®, N.R. Ashurov® and M_Abdurazakov®

‘Fergana Polytechnic Instimte , 150007, Fergana Street 86 A, Fergana, Uzhekistan;
“Institute for Particle Science and Engineerving, SPEME, University of Leeds, Leeds LE2VIT, UK,
Institute of Polvmer Chemisiry and Physics, Academy of Science of Republic Uzbekistan, FI0I28, Th, A
Kadivi Kireet, Tashkeni, Uzhekizian.

(Hlommrena 12032014 =)

Rewe fvpuaictn  pemeenozpadms wemodu Owian  dgemaadsy &g mEpuMurs HELToe
fepuidan Cnecn  SudpOoRmUK S QHNOR DOREPIRN VOVAROR ORuRIaN NOANKEpoaIon
KOHCMGE  CRpyRmypGey dg Ohpus SOl Xapasmepucmucarapn VPSaHILISan.
Penmeenospabud  namuscatapy  mepuuy  wulios  Gepida ROTUERGUPpOQMuonNn KPRCmaL
CIEVIITVPACUHINS M VKM LTEVEN arusanou.

Taans  cfinap:  mepuur  wados  Ogpuin,  KPUCTIGIIaNN,  IOAMKGIpoasi,
pretmaenospaina.

Memodow  wuposovateeot  pewmsenospadbng wcoredosarn KPNCMQLTINECK O
CIMPVER PG o HEKOMOPEIE  CRIPVRRTVPHING  TAPQEmMeEPUCmuRl  noxodss o mepuisecy
ofpafomanusix  o0paIyos ROTUKanpoaMida, FOIVHERRKT  Memodaun  2udpoisimuecson i
OHUGHRON ROTMepuiayuy xanpolakmang. Penmeenospaguseckue peaiibmamsl MOKaiai Ha
COREPIIEHCMABORANRE  KPUCMQUIINECKOU  CIMPYEMYPSE  ROAMKGnpoaswida Al MepMutecsoi
CHRIERI K,

Krioweante Croga: omacus, KPucmoiisiociis, Roaukanpoaid, penmserospaing.

Wide angle x-rav scalleving (WAXS) were used to study the crvstalline structure and
some structural properties of wuntreated and thermally freated samples of polveaproamide
abtained by hvdrolvtic and anfonic polymerization of caprofactam. WAXS results showed an
fmprovement in crysfalline structure of the investigated samples of polveaproamide upon
annealing.

Keywords: annealing, crystallinity, polveaproamide, WAXS.

1. Introduction

Aliphatic polvamides (e.g. polvcaproamide (nylon &), are widely uwsed in many
applications as homopolvmer, copolymers and blends | 1]. In spite of a number of investigations
on these polymers [2,3], there have been few papers dedicated to the fundamental investigation
of the crystallisation process on the lamellar level [4.5].

These two methods of polymerisation of caprolactam lead to the formation of products
having different final supermolecular structures. However, there is a shortage of reports which
have detailed investigations into the supermolecular structure of polycaproamides synthesized by
the two different methods of polymensation.

In the present paper we report a thorough investigation of the formation of the crystalline
and amorphous structure and some structural properties of polveaproamide samples (obtained
using hydrolytic and anionic polymensation methods) and their changes upon annealing using
the techniques of wide angle X-ray scattering (WAXS). In addition the influence of temperature
and duration of thermal treatment on the crvstalline and amorphous structure was investigated.

1. Experimental

Samples of polvcaproamide obtammed wsing two different methods of polymensation
were used: hydrolytic polymerisation (commercial product (granular form) from China (HP1)
and Germany (BASF) (HP2)) and laboratory samples synthesized by anionic activated

DaplIH HTH HTHE depllH ( 5T) FerPl), 2014, K2 (Mo, 2)
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polymerisation of g-caprolactam in block form (AP). For the AP, g-caprolactam, (CHz)s NHCO,
was purchased from ChPO Electrochimprom (Uzbekistan). 2 4-toluene disocyanate (0.35 %%
molar mass) was used

as a activator and metallic sodium (035 % molar mass) was used as catalyst

Samples were thermally treated in vacuum-treated ampoules under isothermal conditions
using a varety of temperatures (150-190 *C) and times {6-72 hours).

The inherent viscosity 1, ~Inn/C. of polycaproamide samples was measured using an
Ubbelohde viscometer with formic acid (85 %) at a temperature 20,0 £ 0.1 *C. The values of
inherent viscosity are reported in Table 1 together with the wmmlty average molar mass I!'-.-'I of
each sample, calculated by the Mark-Houwink equation ([n]=KM"), where K=22, a0 mlg
and a=0.82 [6].

WAXS smdies were carried out using a DRON-UMI instrument with Culk, radiation
(A=0.1542 nm), a Cu anode, a voltage of 40 KV, a current intensity of 3 mA and a Ni filter. The
scans were collected between 20-2° and 30° with a scanning speed of 2° min™'. Samples for
WAXS experiments used on the form granule for polycaroamide synthesed by hydrolytic
polymerisation an as chips for samples laboratory samples synthesized by amionic activated
polymerisation.

1. Results and discussion

It 15 known that practical polymer characteristics such as melt viscosity, tensile modulus,
and toughness are mostly defined by formation of the super molecular structure, as well as
molecular-mass features. The inherent viscosity and viscosity-average molar mass determined
for untreated and annealed samples of polvcaproamide synthesized by anionic polymerisation
{(AP) and hydrolytic polymerisation (HP 1, HP2) are presented in Table 1.

Intrinsic viscosity and molar mass of untreated and annealed samples of
polycaproamide

Table 1.
Sample Sample Untreated samples AMMEALED SAMPLES
cimde (190 °C, 24 h)

M fem g7 b | My, (GMOL-1) | neafem'e) | My, {(GMOL-1)

AR Anionic polymerisation 216 1 14504k 135 Sd0on

HP1 Hydrolytic polyvmerization .97 I0oooon .95 L 9500
(China)

ez Hydrolytic polvmerisation .54 17000 1.0d4 21000

(BASF) (Germany)

Initial differences in viscosity-average molar masses values were observed for
polycaproamide samples obtained by the different methods of polymerisation of caprolactam
(anionic and hydrolytic) including differences for samples obtained by the same method of
polymerisation (HP1, HP2). The differences in the wviscosity-average molar mass for
polycaproamide samples from the different sources can be explained by the different methods of
polymerisation used. It is known that in amionic polymerization the molecular mass grows with
practically no chain termination. The difference in molecular masses between the hydrolytic
samples (HP1, HP2) is connected with the technological mode of their production. Comparing
the wiscosity-average molar mass of the untreated samples it 15 observed that anionic
polymerisation has a better environment for growing long macromolecular chains.

The influence of annealing (190°C, 24h) on the viscosity-average molar mass of the
investigated samples (Table 1) shows that for AP the molecular mass decreased by nearly half to
54(0M). This 15 probably connected to the "living™ catalytic svstem of the sodium caprolactam
remaining in the polymer after synthesis, which under high temperature is activated and brings
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about cleavage of polvcaproamide macromolecules. On annealing the viscosily-average molar
masses for samples HP] hardly changed but for HP2 there was a small growth in molecular mass
presumably as a result of post condensation reactions [7]. The difference in the viscosity-average
molar mass of samples obtained by hydrolviic polymerisation upon annealing may be connected
to the specific conditions of the production of these polymers.

Most semicrystalline polymers exhibit the phenomenon of polymorphism. Polymorphic
structures in polyamides vary in therr spatial arrangement as a result of the hydrogen bonds
berween oxygens in the carbonyl groups of one polvamide molecular chain and the hydrogens
attached 1o the nitrogens of the neighbouring molecular chain of polvamide. In polyamides there
exist basically two crystalline structures: g- and - forms. The g-crystalline phase is described as
a monoclinic lattice in which hydrogen bonds are made between antiparallel chains and the -
crystalline 15 described as being formed by stacked parallel chains. There also exists an unstable
yo-crystalline structure where hydrogen bonds have chaotic character, arising from low
crystallisation temperatures or very high cooling rates of crystallisation of the polycaproamide.
In X-ray diffraction patterns of polycaproamide, the a-form can be wdentified by two reflections
at ~ 4.4 A for @(200) and 3.7 A for ax(002/202), while the y*-crystalline form can be identified
bv a single strong reflection at ~ 4.13
A forp* (D01, — P e
Figure 1 shows the WAXS ’ A
patterns of the untreated samples of
polycaproamide (AP, HP1, HPZ). The
presence ol these three crystalline
reflections indicates the presence of
two  crystalline  structures, ie.  the
coexistence of the stable a- crystalline
monoclinie modification (at 20 =207 i
and 24%) and the unstable v*- pseudo %,
hexagonal crystalline form  (at 28 |==2=
=217) that 15 typical al
polycaproamide. It is interesting 1o
note  that  these three crvstalline & k] b1 b1
reflections are present for all three 18 (Degrees)
investigated samples, independent of Figl. WANXS spectra of  semicrystalline  polycaproamide
the method of Pﬂl}l’j‘ﬂ_ﬁ[‘igaﬂﬂ" and (as synthesized by anienic pelymerization {AF) and  hydrolytic
will be shown later) dutation of heat Pelymerzation (HPLIIFI)
treatment.

apllH HTH  HTH epllH  ( 5T FerPI), 2014, K2 (No. 2)
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Examination of the diffraction patterns for the untreated samples shows that the sample of
polycaproamide obtained by anionic polymensation (AP) (Fig.1) has a sharper and more intense
crystalline reflection at scattering angle
20247 [u- crystalling form) than for s T |y uapatay
the samples obtained by hydrolytic '
polymerisation (HP1, HP2). This is
attributed 1o the development of
hydrogen bonds between chains of
macromolecules of polycaproamide in
the form of networked planes between
anti-parallel chains of polycaproamnide
macromolecules.

The observed high intensity of
the reflection at 20=21% for the
polycaproamide obtained by hydrolytic
polymerisation  shows  comparatively
more f'—h:rrm content  than  in
polycaproamide obtamed by anionic
polymerisation. However, 1t should be 28 {Degrees)
ﬂﬂ'[l_id that the two ]"I.E."d.'t'ﬂl:r'tll: ['!-Dl}']"rlﬁt‘ﬁ Fig.2. WAXS spectra of pelycaproamude HPI: a) untreated;
differ. For HP2 the peak at 202217 has "0 ooed an 150°C for 24 hours; ©) annealed at 190°C for 24
a lower resolution (compared with hours
HP1) and 15 in the shape of a shoulder
against a background diffraction at 26=20°, This indicates that the initial content of the 4~ -form
in HP2 is relatively high. Figure 1 shows the gualitative differences in the WAXS patterns for
the untreated samples under investigation. The structural characteristics obtained confirm the
qualitative conclusion from diffraction, showing a smaller content of the 1,-' ~form (R} and a
higher degree of crystalliniy () in the case of the sample obtaned by anionic polymernsation
(Table 2). There is a considerable difference in the parameters of crystalling structure between
untreated samples of polveaproamide synthesized by the different methods. This is connected to
the more rigid condition that occurs after hydrolytic polymenisation in comparison with that
occurring after anionic polvmensation. Consequently, for anionic samples (with high initial
molar mass), the conditions of crystallisation, which approximate to isothermal annealing and
slow cooling of polymer, all favour the formation of a more perfect crystalline polycaproamide
structure with less defects (in comparison with the hydrolvtic samples).

Some structural characteristics of untreated and annealed samples of polveaproamide

obtained from WAXS
Table 2.
Conditian
of anmealing Crystalline form
) By X
Sample | T, "C |1, houwr
i 204k} a0 272020 b L
2 g, A Pl i daz A 2. d,. A

AP . . 20710° 4.23 23750 178 R d 20¥ .27 {5.18
HEF] . . 2070 4.23 23750 178 o el d.18 .29 {532
P2 - . 2070 4,25 2304K° 179 U 4.21 {130 .34
AP 190 24 20724° .38 235" 163 21733 d. 1 1125 {hd5
P 150 14 207" .44 ki e 18] Rl 4.21 .27 .37
HP2 190 4 20710° 4.23 21754° 181 2104l d 2¥ .26 .37

MNotes: o o, —~monoclinic crystalline form, v*- pseudohexagonal crystalline form,

DapllH HTH  HTH depllH { 5T FerPl), 2014, a2 (Mo, 2)
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T, annealing temperature, ty-tume of annealing, 20=scattering angle, d-distance between
planes, Rs=relative fraction of ¥ - crystalline form, g=degree of crystallimity.

- EEEE— Figure 2 shows diffraction
1oy —+ Iy~ Pasozom, spectra  for untreated and annealed
il [ e samples (24hr, 150°C or 190°C) of
; 0 polycaproamide obtained by hydrolytic
1 polymerisation (HP2). Annealing at
150°C results in greater sharpness of
the reflections and higher crystalline
peaks of both the a and y forms and an
increased intensity of the a-crystalline
MANK .

Increasing the temperature of
isothermal  annealing  (from 150 1o
190°C) increases these features. There
are  amalogous changes in the
diffraction patterns for HP1 annealed
for increasing time at 190°C (Figure 3).
it I 24 T The maodification of structure was

18 {Degrees) increased on mcreasing the annealing
time. The WAXS patterns indicate
changes occurring in the process of
isothermal  annealing  with  parnal
removal of irregularity between chains and between associated sheets of macromolecules in the
lamellae. By increasing the temperature (150 to 190°C) or duration of thermal treatment {at
190°C) an increased ordering 15 observed in terms of both o crystal size and'or perfection and
crystallinity with a smaller, similar change in the ¥ form crystals. It has been reported that the
largest change in these parameters was observed at an annealing temperature at the lower end of
the melting point range of polyvcaproamide (between ~185 and 235 *C). Calculated quantitative
structural parameters for the annealed samples are listed in Table 2. The degree of crysallinity
was found 1o increase upon thermal treatment, becoming higher for all three samples
investigated, but there was essentially no change in the R . of the specimens.

Fig. 3. WAXS specira of polycaproamude HPL: a) untreated; b annealed
al 190°C for T4 hours: o) annealed at 190°C for 72 howrs.

DapllH HTH  HTH depllH ( 5T FerPI), 2014, K2 {No. 2}
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To help identify the polymorph
modification OCCurring an 0.904
approximation of the relative guantity oae] e a e P
of the crystalline phases was obtained. asea] e e e HPT
Fig. 4a .r:hﬂw:. a plot of the relative — ""----______':- . —a— AP
content of y -crystalline form  (Ry=) — T ?;-:::__._
upen annealing temperature. It should i )
be noted that in the unannealed \
samples, (initial points {at 20 °C) in = ¥ \
Fig. 4a) the content of the y- % *———o
crystalline  form  was  substantially =~ 228+ T
lower in AP than in samples obtained 0260 \
by hydrolviic  polymerisation  of 0254
caprolactam  (HP1, HP2). This L35 ———— ..
indicates that different conditions of G AL IR anm e s e
crystallisation exist during anionic and Temperause, 'C
hydrolytic polymerisation, which has
already been noted. The distinction in 0304
values of the ¥- crystalline form 308~ e —w—HFI
obtained in samples using the same it D b o
method but from  different sources ::: "'-l}:-..__q:_
(HP1, HPI) can be explained by the o am ] - 'T:__--.H
particular technological features of the aars | ""--.‘_::m_.x
different production processes. HP2, ghoae] & T,
presumably due to s rapid method of £.30 T M‘“H
manufacture, results in a form less A '
favourahle for equilibiium ] —
crystallisation and more favourable to ass | \
the formation of ¥ -crystalline form o4 ]
than HP1. Thermal treatment causes a 4% BB BA  is @8 sa a4 e &4
decrease in the relative portion of the Loy, fain

-r"-c:r:,'gtalline form, increasing with
increasing  tme  annealing  at  low
temperature. In the temperature range
170-190  °C  the content of ¥ -

crystalline form sharply decreases, This change may be explained by the chain mobility
increasing in the crystalling structure at temperatures 170-190 *C which increases the intensity of

the ¥ —a polymorph transition.

Annealing temperature has a greater influence on HP2 along the whole temperature range
considered (Fig. 4a), although the R values are similar in the temperature range 150-170 °C. On
further increasing the annealing temperature it was observed that Ry« increased and that this is a
consequence of more intense restructuring in the crystalline phase of polycaproamide samples. It
must be noted that it has been reported that the unstable ¥ -crystalline form exhibits no changes
up to 150 °C. However, it is possible that the temperature transition of the ¥ —a polymorph
transition for polycaproamide can start at lower temperatures (~133°C). Our results agree with
this second opinion, and indicate that the given transition probably starts at slightly less than
133°C. Increasing the duration of thermal treatment leads to a decrease in the content of the
unstable form of crystallites in all the samples (Figure 4(b)). It should be noted that the
relationship of R« to the logarithm of annealing time, for the AP and HP2 samples s linear, and
for both samples of hydrolytic pelymerisation (HP1 and HP2) there 15 observed a complex

Fig. 4. The dependency of relatively content (R} upon
temperature for 2dh annealing {a) and durmbon of annealing (b}

at 190 =,

character dependence, with temperature having a comparatively larger effect than for AP.

Dapll HTH  HTH eplld ( 8T FerPl), 2014, ka2 (No. 2)
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The difference in values of Ry for the hydrolytic polymensation samples decreases upon
annealing (Fig. 4b) and, after sufficiently long thermal treatment (72 hours), becomes almost
identical. Comparison of the relationships in Figs 4(a) and (b) show that temperature and time
have a similar effect upon R... Control of the temperature-time factors of thermally treated
samples of poelycaproamide allows better regulation of the process of the ¥ =1 polymorph
transition. The experimentally observed polymorph transition f—-u in the solid state of
polycaproamide samples upon annealing 15 due to the low value of free enthalpy of the more
stable a-crystalline phase of

polycaproamide. "9

Figure 5 {a) shows the At a f_‘,.f"
value of the thickness of - 5 ] AT
crystalline  lamellae as & T i
function of the temperature of 0] ,-f"’"-f —h— AF
thermal  treatment. It i HE T
observed that the value of the = | &7
lamellae  thickness (L) of ~
anionic polymerisation samples 1
considerably exceeds that for a0 _________;_:::-
samples obtained by hydrolytic —_— —
polymerisation (HP1, HP2) 1 =—
(see inmitial points of the T .

curves). As  was  described
above in the imiroduction, in

the  process of  amionic us 4
polymerisation of caprolactam, b | h ,r"‘

the processes of polymerisation e ] o —m—HF
and  crystallisation  partly ] P —e—HP2
overlap. Adter partial " T e
polymerisation of caprolactam . 4 __;__.---""' P

to form polymer the process of 1 ., ] o W
crystallisation  has  already e ] ________._._:;_-:.’,,-*

started and the processes of ) - T

polymerisation and 1 T

crystallisation then occur in ] 7

parallel  untl  complete |
Pﬂl}'n]eﬂm[jﬂﬂ of the monoiner SIE | 0.8 1.0 14 2 18 4.0 LE |
occurs. These conditions are Lagt, min

favourable for the formation
and growth, in a uniform
distribution, of  spherulites
compatable to hydrolytic polyvmerisation but with less crystalline defects. In the case of
hvdrolytic polyvmerisation the finished polymer 15 extruded wsing compressed nitrogen into a
bath of water where it has the form of a nbbon or fibre, before being passed through draw-out
equipment and cut in a granulator into very small pieces. Such a scheme creates very harsh and
non ideal conditions for crystallisation. All this determines the difference in lamellar thickness in
samples obtained using the different methods. This 18 confirmed by the observation that the
lamellar thickness is similar in samples obtained by hydrolytic polymerisation from different
SOUrces.

It should be noted that the temperature of thermal treatment (Fig. 5a) has a different
effect on samples obtained from anionic and hydrolytic polymensation. For samples obtained by
antonic polymerisation the untreated samples are mostly crystalline and 1sothermal annealing
creates suitable conditions for crystallisation and helps further develop crystallisation. Therefore,
Daplld HTH HTH ®epllH ( 8TI FerPl), 2014, K2 (No. 2)
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there 15 a linear relationship of lamellae thickness with temperature of annealing. However,
samples of polvcaproamide obtamed by hydrolytic polymensation of caprolactam exhibit a
considerable increase in lamellar thickness observed over the annealing temperature range of
170-190°C. This is probably connected with the increasing kinetic mobility of macromolecules
of polycaproamide which leads to intensive reorganisation of the crystalline structure.

Figure 5(b) shows the effect of the duration of 1sothermal annealing at 190°C upon the
lamellar thickness of polveaproamide. It 15 observed that there 15 a linear relationship and that
crystalline lamellae thicken steadilv with increasing annealing time regardless of the method of
polymerisation. The approximately parallel trend in increasing values of lamellar thickness
suggests that there s a common mechanism of structural development in the different samples
upon thermal treatment.

4. Conclusion

Using WAXS for the examination of untreated and thermally weated samples of
polycaproamide has shown considerable chamges in the crystalline and amorphous phases.
WAXS studies revealed that in all investigated samples of polycaproamide, irrespective of their
method of production and mitial thermal histories, there 15 a co-existence of a-monoclinic and
¥*- pseudohexapgonal crystalline forms. Anionic polyvmerisation results in a more ordered
crystalline polycaproamide structure than samples prepared by hydrolvtic polvmersiation with
less y*- form. In the annealing process of polvcaproamide the crystalline phase of polymer
increased (increasing lamellar size and degree of crystallinity) in contrast to R+ which
decreased. This sugpests that increased ordering takes place not only due to the degree of
crystallinity but also to the transformation of y*-form to a-form.

Heferemces
[1]- Murthy M5, Wang 20, Akkapedds MK, Hsizo BS (2002) lsothermal cryvstallization kinelics
of nylaon 6, blends and copolymers using simultaneous small and wide-angle X-ray measurements. Polvmer
4340054911,
|2]- Kahan ML, editar (1995} Mylon plastics bandboeek. Hanser: New York
. Bottenbruchand L, Binsack K, editors (19%8) Technische thermplaste polyamide. Kunssioff
handbuch, Hanser, Munich.
. Himrichsen G, Lux F (1990} Crystallization kinetics of highly filled glass-fiber polyamide
fe=composiles, Polvm Buell 24:79-R6,
5] BMagill JH (1962} Crysiallization kinetics study of nylon=6. Polymer 3:655-fdd
6] Lewin M editor (2{07) Handbook of Fiker Chemistry, 3nd Ed. CRC Press, Boca Raton,
plD52.
. Fakirov 5, Avramarva M (1 982] Influence of thermal-ireatment, molecular-weight amd
orienfation on the mechanwcal-properties of polyamide-6. Acta Polymer 33:271.275.

Lad
—

14

—

-l
—

VIIK 621.315.592

KOPPEJALHA CNEKTPOB HH3KOTEMINEPATY PHOH
GOTOTHOMHHECUEHIHA H @OTOBONLBTAHYECKHX CBOHCTB TOHKHX
MO MHEKPHCTANLTHYECKHX ITEHOK CdTe

B, Axmananses, OM. Mamator, b3, IMonsowos, H.X. Kngamen

Pepraneriil ROTEMEXRIMECKIE remumym, uzferfizikalmmail.ru

{Hlommiena 1600 2004 2]

Bypuax ocmuda VYemuporzan saiida donnn (@ <0 asen ) CdTe RIERKQIQPUNLNS RaCm
memnepamypann (T =42 K) dhomononunecyentiid cnesmprapida spucmat dowlap

HEAAPACHdIN ROMERYIAT mTCuTap myghaiin waaza kenaduzal Xyoyoun myvpaaning (e — h Jnune
deoctll ROR0CAen #a - @ —f -nogocaiuie LO— dhoxoni makpopaiandan wlopam wesapani

DapllH HTH  HTH depllH { 8T) FerPl), 2014, X2 (No. 2)
16



