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Abstract

The DSC method was used to obtain more information on changes of thermal properties connected
with different comonomers bound in the (co)polymer chains. The copolyamides propered were
block ones which were less crystalline and compatible with poly-&caprolactam. The results have
confirmed the crystalline nature of polyamides and copolyamides.
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Introduction

Thermal properties of linear homopolymers have been investigated to a great extent.
The character of various copolymers depends on the chemical nature as well as on the
ratio of the comonomer involved. The complete different situation arises in the case
of blends of both polymers and copolymers. In this case it should be remembered that
besides the ratio and the character of the comonomers the mutual interactions of each
component have a pronounced influence on their properties. From the workability
point of view, the DSC method is suitable to study the influence of physicochemical
parameters of polymers, copolymers and their blends on fibres and films.

Copolymers compatible with relevant homopolymers do not deteriorate blend
properties. Several melting peaks indicate that under non-isothermal conditions of
crystallization the crystals of various sizes and different levels of perfection were
formed [1]. The study of two poly(ether-block-amide) polymers has shown that both
polymers are separated. Multiphase systems include a well-defined polyamide crys-
talline phase, a polyamide amorphous phase and a predominantly amorphous poly-
ether phase. DSC data suggest the existence of polyether-based crystallites with
poorly defined characteristics [2].

Among the copolymers that improve the properties of different polymers can be
found: copolyamides [3, 4], copolyamideureas [5], polyetherureas [6] or their combi-
nations [7].
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The mixed melts with similar rheological properties [6], better thermal and UV
stability [8, 9], better dyeability, electric and sorption properties [10—12] compared
with basic polymers were obtained at lower contents of the above-mentionned addi-
tives (<10 wt%).

The main features governing the preparation, morphological structure and prop-
erties of blended products are thermal characteristics of copolymers and their blends
with polymers as well as the crystallization and content of the crystalline phase.

In this paper, an evaluation of the structure of polyamides, binary and tertiary
copolyamides and their blends will be discussed.

Experimental

Material used

Poly-e-caprolactam (PA 6), Chemlon- Rhone Poulenc.

Polyamides of the adipic acid (A) and 1,4-bis(3-aminopropyl)piperazine(NB) -
formula 2, code ANB, or adipic acid and 1-(2-aminoethyl)piperazine (N2)-formulas
3, 3A, 3B, code AN2.

Copolyamides of e-caprolactam (CL) and ‘nylon salts’ AH, AN2, ANB, SNB —
formulas C—H, S — sebacic acid.

It is well known that properties of polymers and copolymers depend especially
on their composition structure, molecular mass, the presence of low molecular com-
pounds and on the molecular mass distribution. In order to compare the behaviour of
poly-€-caprolactam, polyamides and copolyamides we synthesized two types of poly-
amides from the adipic acid (A) and 1,4-bis(3-aminopropyl) piperazine (NB) and
from the adipic acid (A) and 1-(2-aminoethyl)piperazine (N2), and also four types of
binary copolyamides from CL and the nylon salt of adipic acid with 1,4-bis(3-amino-
propyl)piperazine and 1-(2-aminoethyl)piperazine and from the nylon salt of sebacic
acid with 1,4-bis(3-aminopropyl)piperazine and 1-(2-aminoethyl)piperazine both,
having the same proportion of CL/nylon salt equal to 8/1 mol and some tertiary
copolyamides. From all samples, we removed low molecur compounds by the extrac-
tion in hot water during 2 h.

The polyrecaction conditions, polymers composition and some characteristics of
PA 6, polyamides and copolyamides are given in Table 1.

Preparation of polymer blends and fibres

The mixtures of 50 wt% of PA 6 and 50 wt% of copolyamides (in the casc of CI-CIII)
were melted in a laboratory single-ribbon extruder TEQ 30 at temperatures of
7=518-533 K.

PA 6 and blended granulates (PA 6+copolyamides) were spun at 7=523 K in the
laboratory equipment. Fibres were drawn to the ratio of 1:3 at the temperature of
T=393 K.

J. Therm. Anal. Cal., 60, 2000



000C 09 “IPD ‘[puy LYl

Table 1 Conditions of polyreaction and some characteristics of PA 6, polyamides and copolyamides

Proportions/% [nl/ . Conc. of N/ Mg

N° Code of polymer Components O Lorep-/MiN
mol wt mlg wt%

1 PA 6 &CL - - 120 900 12.3 0
2 ANB ANB - - 57 150 17.45 3
3 AN2 AN2 - - 67 295 16.81 3
E CLANB CL+ANB 8/1 72.3/27.7 110 190 13.33 3
F CLAN2 CL+AN2 8/1 76.8/23.2 109 240 13.2 2.5
G CLSNB CL+SNB 8/1 69.3/30.7 112 155 12.9 2
H CLSN2 CL+SN2 8/1 73.3/26.7 91 155 12.75 1.7
CI CLAHISANB CL+AH+ANB 10/3/1 50/30/15 113 130 13.05 4.0
ClI CLAH20ANB CL+AH+ANB 7/2/1 50/30/20 120 100 13.14 5.6
CII CLAH30ANB CL+AH+ANB 5/1/1 50/20/30 109 130 13.77 4.8
DI CLAHISAN2 CL+AH+AN2 16/5/2 50/35/15 92 130 12.81 4
DII CLAH30AN2 CL+AH+AN2 35/6/9 50/20/30 95 130 13.71 4.8

[n] — measured in 95% H,SO,4 at 7=293 K
A —the mass loss at 573 K from TG curve of measurement on Derivatograph Q-1500D

et

Conc. of N — concentration of nitrogen from elementary analyzer CHNS-O type EA 110 S
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DSC study of polyamides and copolyamides

Thermal properties were studied by using the DSC 7 Perkin Elmer Co. equipment.
The different heating and cooling rates of 5, 10, 15 and 20 K min' were used to ex-
amine the influence on thermal properties (Table 2). On the basis of the results ob-
tained we selected the rate of 10 K min™' for our next experiments.

Table 2 Thermal properties of PA 6 vs. heating and cooling rate

Vol 1* heating 1* cooling
K min”' Tw/K AH ) g B TJK “AHJI g
5 494 .4 54.2 0.28 464.7 57.9
10 494.2 66.1 0.35 460.1 61.0
15 493.9 66.2 0.35 4573 59.4
20 494.2 68.1 0.36 454.2 60.6

Five cycles were applied to a sample in order to get more information about the
thermal properties influenced by a number of cycles.

The following accuracy of the DSC measurements (5 samples of PA 6 polymer)
was found as follows:

— temperature of melting: T, =49384034K

— enthalpy of melting: AH, =662+128 kJkg

— degree of crystallinity: B=0346+0009

— temperature of crystallization: fc =4600+035 K

— enthalpy of crystallization: AH, .=611+054kJkg "' (all for PA 6)

All values of the cystallinity degree 3 (for PA 6 and copolyamides) were calcu-
lated by means of the theoretical value of AH° =190.6kJ min ' [14] except for some
blends, the B, value of which was calculated using the mass amount of the involved
components and their 3 value. The other source [15] indicates the value of AH ) =
1900kJ g, which is practically the same.

The entropy AS, was calculated from the well-known equation:

Discussion

The reaction time for the preparation of polyamides and copolyamides is shorter in
comparison with that for the preparation of PA 6 (due to the influence of the ‘nylon’
salt). The limiting viscosity number [n] of polyamides and copolyamides was deter-
mined for extracted and dried polymers. For the same or similar type of linear poly-
mers the [n] value is proportional to the molecular mass M. In the case of PA 6, the re-
lationship betwen [Nn] and the molecular mass M can be expressed by several
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equations. Although these equations cannot be used for our polyamides and copoly-
amides, the values of [n] enable one to compare the level of M. The [n] values for
polyamides and copolyamides listed in Table 1 show that they are comparable with
those for PA 6. Polyamides and copolyamides can be consider as polymers with prob-
ably the similar molecular mass and molecular mass distribution (due to the same
mechanism of the macromolecular formation valid for all copolyamides). A compari-
son between the value [N]=120 ml g"' for PA 6 (corresponding to the approximate
value of M[B0 000) and the values of [N] for polyamides and copolyamides supports
our affirmation. The normal molecular mass distribution do not influence the
crystallinity of semicrystalline polymers at all if the molecular mass of the samples is
on the appropriate level.

All polymers prepared can be considered to have a good thermal stability (mea-
sured up to 593 K), the maximum mass loss being 5.6 wt% in the case of the sample
CII (Table 1). Differences in the basic thermal characteristics such as melting temper-
ature, temperature of crystallization and the degree of crystallinity result from differ-
ent monomer unit lengths, their ordering and structural regularity.

The PA 6 is a crystalline polymer with regularly repeated monomer units of
caprolactam and with the degree of crystallinity 3=0.3-0.4 (3=0.35; AH=66.2 k] kg ™).

Changes of the basic parameters such as melting temperature 7,,,, enthalpy of
melting AH , the degree of crystallinity 3, temperature of crystallization 7, and
enthalpy of crystallization AH _, which have influence on the rate of heating and cool-
ing, are given in Table 2. The melting temperature varies with the heating rate insig-
nificantly. At the low heating rate conclusions given in [13] have confirmed that:

1. Imperfectly developed crystallites recrystallise (in the first step of heating) to
more ordered structures with a higher 7}, at the lower heating rate.

2. The samples were overheated as a consequence of the high heating rate.7;, in-
creases due to the higher heat content in the sample as it is necessary for the fusion of
crystallites already existed.

The effect of a number of both heating and cooling cycles was studied. All in-
vestigated parameters decreased. Thus, as shown in Table 3, the changes of AH | in
the first cycle result from the transition to less ordered structures.

Table 3 Thermal properties of PA 6 fibres vs. number of heatings and coolings

Number of Ist heating Ist cooling
heatings/coolings T./K AH,J] g*l B TJK “AHJ) g*l
1 494.2 66.1 0.35 460.1 61
2 493.8 51.9 0.27 459.9 60.9
3 493.6 51 0.27 459.7 58.6
4 4934 49.9 0.26 459.6 57.7
5 493.2 48.7 0.26 459.3 56.6

An inccrease of the cooling rate leads to a decrease of 7, (and thus to an increase
of AH ) due to the gradually proceeding crystallization. The crystallization is deter-
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mined by the formation of the buds of crystallites and their growth [13]. The lower
temperature promotes the rate of the formation of buds while the rate of growth of
crystallites is shifted to the area of higher temperatures. An area A of the maximum
rate of growth of crystallites lies at higher temperatures in the case when the PA 6
sample originates from the molten state (temperature is falling). The consequent
gradual cooling favours suitable conditions for the maximum rate of the formation of
buds (B). Within the A period, only a few buds can be formed and thus the number of
bigger crystallites is limited. The range of crystallization of the sample is restricted to
arise of the cooling rate. This can be seen in Table 2. All crystallization enthalpy val-
ues AH  are generally lower than the value of AH .

In [15], some other polyamides from piperazine are described. As a consequence
of the regular structure, high concentration of piperazine rings and of the absence of
aliphatic segments the value 7} is rather high.

The macromolecules of polyamides AN2 and ANB are composed of the constituent
containing the piperazine ring. The latter polyamide contains the symmetrically oriented
piperazine ring, the hydrogen bonds being probably formed. This fact was confirmed by
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Fig. 2 DSC curve of polyamide ANB (‘cold’ crystallization)
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Table 4 Thermal properties of PA6, polyamides and copolyamides

Code 1st heating Ist cooling 2nd heating
Chemical  Sample TJK A g ASHg'K!' B TJK -AHJ)g! TJK -MHAg' TJ/K  AH g
PA 6 1 4938 662 0.138 0.35 4529 58 - - 4889 59
495.9
ANB 2 469.6 32.8 0.07 - 398.4 5 398 26 468.8 36.1
AN2 3 * 253 0.055 - - - - - - -
CLAN2 F 461 46.1 0.1 0.24 397.7 32 - - 459.3 27.8
CLSN2 H 454.1 38.2 0.084 0.2 399.6 31.8 - — 459.2 8.7
CLANB E 450.5 42.5 0.094 0.22 384.2 26 - - 452 27.5
CLSNB G 450.2 35.9 0.08 0.19 386.2 22.2 - - 441.4 15.8
CLAH
[5ANB CI 430.5 30.1 0.07 0.16 367.2 7.4 360 10.6 435.8 26.2
CLAH
J0ANB cl 422.7 24.1 0.057 0.13 366 16.1 - - - -
CLAH
30ANB CIII 413.1 22.6 0.055 0.12 - - - - - -
CLAH
[5AN2 DI 432.7 35.6 0.082 0.19 367.9 8.9 359 10.6 434.2 26
CLAH
30AN? DII 4215 22.1 0.052 0.12 - - - - 419.3 1.9
—index cc is related to cold crystallization
#460.0 K 160Jg";
4528 K 551gh;
417-4477K 3871g"
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the values of AH _ and T;, (32.8 kJ kg and 469.6 K, respectively). In the former poly-
amide the piperazine ring units are oriented in several ways (formulae 3, 3A, 3B), which
can lead, in some cases, to more rigid stuctures. This statement was confirmed by DSC
measurements. On the DSC curve, two or three main peaks and some secondary ones
could be found, which was interpreted in terms of different structures (Fig. 1). The certain
positions of piperazine units in the polymer chains reduce the macromolecular symmetry
and thereby also the crystallization. Parallel macromolecules containing the long seg-
ments with symmetrically oriented piperazine rings can form the regions with the higher
amount of intermolecular bonds and crystallinity and therefore they have the higher val-
ues of 7;, and AH . The more symmetrical is the structure of macromolecules the higher
are the values of T}, and AH . The value for AN2 (AH =253 kJ kg™) compared with
that for ANB (AH _=32.8 kJ kg ') confirms our assumption.

20
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~ J/g =-10.60
2 Peak= 87.46
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Fig. 3 DSC curve of tertiary copolyamide CLISAHANB

The polyamide ANB (with symmetrically placed piperazine rings) resembles
the polyethyleneterephthalate (with symmetrically placed benzene rings). The so-
called ‘cold crystallizaion’ i.e. the transformation into the pseudocrystalline state, oc-
curs (with the maximum at 393 K) near the 7,=373 K with the value of AH .=
—26 kJ kg (Fig. 2). The similar general description is also valid for the investigated
tertiary copolyamides containing 15 wt% ‘nylon’ salt of ANB and AN2 (Table 4, CI,
DI) with AH.=—10.6 kJ kg' for both copolyamides and 7..=359 K for ANB and
360 K for AN2 (Fig. 3). Because the conditions of DSC measurements were the same
for all samples, the formation of non-equilibrium crystals during the cooling cycle
(i.e. cold crystallization) had to be a symptom of a certain macromolecular structure.

Binary copolyamides (samples E-H) were prepared from CL and from the ‘ny-
lon” salt of other two components. These copolyamides could theoretically be (at the
molar ratio of CL/salt=8/1) either random or block ones. The temperature of fusion of
binary copolyamides, 7}, is lower than that of polyamides AN2 and ANB, the AS,,
values of which are, however, higher. From the values obtained it turns out that sam-
ples undergo the crystallization process easier in the form of block copolymers or at
least when poly-€-caprolactam segments are of the sufficient length. In the case of
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polymers with random copolyamide segments (with various monomer units such as
CL and derivatives of piperazine) the non-crystalline form prevails. In addition to the
foregoing discussion, CL reacts by a polyaddition mechanism and the ‘nylon’ salt
does by a polycondensation mechanism. The crystallization of the poly-€-capro-
lactam segments is reduced due to the present piperazine comonomer (in the case of
ANB the calculated value of AH,,  =58.6 kJ kg and the measured value of
AH =425k kg'; for AN2 the value of AH_, =58.5kJ kg ' and that of AH
46.1 kI kg™).

Differences in the T}, and AH,, values arise, to a certain extent, from the different
length of the structure unit. The length of the monomer unit for the adipic acid and
that for 1-(2-aminoethyl) piperazine is approximately of the same order like the
length of the monomer unit for CL. On the other hand, the sebacic acid and 1,4-bis(3-
aminopropyl) piperazine are bulkier and hence they form more irregular structures.
Changes of the measured parameters were also found in the case of the sample N2,
which revealed the most randomising effect (as can be seen from the values of AH
and AS,, in Table 4).

The highest values of AH  and AS,, were established for the CLAN2 copoly-
amide (sample F) containing two ‘good’ comonomers, i.e. adipic acid and N2. The
lower values were ascertained in the case of the copolyamide CLANB (sample E)
composed of the symmetric but longer NB and of a ‘good’ adipic acid, whereas the
CLSNB (sample G) exhibits the lowest values of the measured characteristics.

Tertiary copolyamides (C, D) show the more pronounced decrease of T}, AH,
and 3. The temperature differences in T}, are proportional to the content of the ‘nylon’
salt AN2 or ANB; in the case of AN2 (CI-CIII samples) the value of AT =20-37 K
and in the case of ANB (DI, DII samples) AT;,=30—40 K. Tertiary copolyamides with
15 wt% of ANB or AN2 have a special position among all samples. The values of all
measured parameters are relatively high, which indicates the better crystallization
compared with homopolyamides AN2 and ANB.

The data of the measured characteristics of tertiary copolyamides containing 20
and 30 wt% of the ‘nylon’ salt ANB and/or AN2 indicate only the small influence on
thermal properties.

When comparing the properties of the tertiary copolyamides CI and CII (Ta-
ble 4) and their blends with 50 wt% of PA 6 (Table 5) one can see that for copoly-
amides CI and CII the value of T, is equal to 430 for the former and 423 K for the lat-
ter copolyamide; for the blend of PA 6+CI the value of 7,,=444 K and for that of PA
6+CII the value of 7,,,=447 K. The melting temperature of PA 6 (7,,=497.8 K) falls in
the blend to 492 K. The fall of 7}, can be explained in terms of the mutual interactions
between the macromolecules of PA 6 and those of copolyamides resulting in the tran-
sition of the copolyamides portion into the molten state at higher temperatures. The
PA 6 macromolecules melt at lower temperature due to the action of the copoly-
amide.

In this assessment it should be remembered that the value of AH,,, which was the-
oretically calculated on the basis of the additivity principle decreases with the in-
creasing content of the ‘nylon’ salt of ANB (the content of the AH salt decreases in

mtheor mreal
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Table 5 Thermal properties of PA 6 and blends of PA 6+copolyamide C

System K T, K N AH,,izl/ IAH,/ DHpeadd g7 AS) g K 8 5
Jg PAG6 CIII X PA6  CI-I b2

PA 6 - 497.8 - 66.2 66.2 66.2 - 66.2 0.138 - 0.138 035 035

PA 6+CI 4443 4921 4.6 29.1 33.7 343 15 493 001 0059 0069 0.15 0.8

PA 6+CII 4473  491.8 0.9 36.1 37 34.3 12 463 0.002 0.073 0075 0.19 0.19

PA 6+CIII  — 493.5 - 4.5 0.5 343 113 456 - 0.086  0.086 022 0.2

99¢
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Table 6 Thermal properties of PA 6 and blended fibres 50 wt% of PA 6+50 wt% of copolyamide C, vo=10 K min™'

1st heating Ist cooling
System  T./ T,/  AH,/ DH,/ SAH,/ AS,/  AS,  3AS./ T/ T,/ ~AH, / *Af’
1 2 1 2 ZB 1 2 1 2 1
K Jg'! Jg'K! Jg'!
PA 6 _ 4942 ~ 661 661 035 035 - — 01337 _ 460.1 _ 61
PAG+CI  447.8 4911 41 213 254 011 013 0009 00434 0052 4085 4508 29 371
PAG+CIL 4529 4908 04 316 32 017 017 00009 00652 0066 4035 4485 0.7 386
PAGHCIT  — 4922 ~ 359 359 019 019  — 00729 0073 - 452.9 ~ 383
2nd heating 2nd cooling
486.6
PA 6 - e ~ 529 529 028 028 - ~0.108 - 459.9 ~ 59
PA 6+CT 4323 j;g'g 108 345 454 018 024 00252 00716 0097 4089 450 24 367
PA 6+CIl  427.6 4‘27756 78 344 422 018 022 00182 00714 0.090 - 4474 - 377
485.6
paGrCl 85 ~ 362 362 019 019 - 0.074  0.074 - 450.7 - 372
3rd heating 3rd cooling
PA 6 486.6 ~ 529 529 028 028 - ~0.108 - 4523 576
4932
PA6+CI  432.8 j;g'(') 9 344 434 018 023 00208 00727 0.1035 4089 449 14 374
PA 6+CIl 4327 23‘6"3 63 344 407 018 021 0002 00848 00868 4009 4486 03 379
479.7
PA 6+CIII ~ 361 366 019 019  — 00744 00744 - 4503 374

489.3
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the same proportion of CL) in the copolyamide. This indicates that the higher amount
of the ‘nylon’ salt has a lower deteriorating effect and contributes positively to the
formation of its longer polymer segments which are able to crystallize. The theoreti-
cal additive value of AH,;c, for the blend of PA 6+CIII equals 45.6 kJ kg’l on the as-
sumption of the complete crystallization of both components. The experimentally ob-
tained value of ZAH = 42.5kJ kg fits well with the above-mentioned theoretical
additive one.

The crystallization temperature of blends, T¢, lies in the range of 425-443 K,
which is significantly higher than in the case of copolyamides themselves (7,.=366—
367 K). Both the higher 7, of the blend and the unique peak of crystallization can be
ascribed to the formation of a compatible system of PA 6 and the copolyamide, the
balance of the system being reached within a short period of time in the extruder.
DSC characteristics indicate the good miscibility of components.

The results given in Table 6 (several cycles of heating and cooling) have shown
that the thermal properties do not change during the successive operations. Neverthe-
less, two peaks ascribed to the crystallization process indicate the partial separation
of components after several moldings of the blended system.

The results obtained suggest that copolyamides can be used as additives to
change the specific properties of the fibre-forming PA 6.

Summary

1. The polyamides and copolyamides studied have a good thermal stability.

2. The crystalline polyamides prepared exhibit the regular two-phase structure.

3. Binary copolyamides and tertiary copolyamides with 15 wt% of AN2 have the higher
values of AH,, and AS,, in comparison with the piperazine polyamides of ANB and AN2.
The other tertiary copolyamides have these values on the level of piperazine polyamides.
4. Comonomers decrease the enthalpy of fusion AH  of the copolyamide, compared
with PA 6. This results from a lower regularity of macromolecules and steric arrange-
ment of the piperazine ring. Comonomers do not influence significantly the thermal
properties of polymers but they do the kinetics of crystallization.

5. The thermal properties of copolyamides indicate their block character with long seg-
ments of CL and another comonomer, the CL being the most controlling component.

6. Mutual interactions between the macromolecules of PA 6 and the copolyamide
were ascertained.

7. The blends of PA 6+copolyamide(s) reach during their processing the balanee
within a short period of time and preserve their properties even after spinning.
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