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Abstract

Dynamic mechanical analysis was performed on the aryl-aliphatic copolyamides, based on lactam-12 sequences, a tere- or iso-phthalic

moiety, and a 3,3dimethyldicyclohexylmethane unit in regular order, whose dielectric relaxafiér\MR and’H NMR investigations are
reported in the preceding papers of this series. It demonstrates the existence of three secondary relegatiods), which occur in the

temperature and frequency ranges where similar secondary relaxations are observed by dielectric relaxation. Comparison of the results
obtained in the present paper with those derived from the whole set of experiments carried out on these materials leads to a precise description

of the local motions that are responsible for the observed secondary relax&igf80 Elsevier Science Ltd. All rights reserved.
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1. Introduction all the units, other than the=€ groups, contained in the
XTyl;—y polymers. The lactam-12 methylene carbons were
The secondary relaxations of thé,l, , aryl-aliphatic shown to exhibit local motions in the range of the
copolyamides:
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were already investigated by several techniques. Dielectrictransition, which indicates that there is a coupling of the
relaxation measurements, reported in the first paper of thismotions of the lactam-12 €0 groups and methylene
series [1], demonstrated the existence of several secondarwnits. At higher temperatures, phenyl ring oscillations of
relaxationsy, B andw, which were assigned to motions of both the tere- and iso-phthalamide rings are simultaneous
non-conjugated €0 groups, GO groups located between to oscillations of the adjacent=€© groups and have the
a phenyl ring and a flexible lactam-12 sequence, as@C  same amplitudes. This result demonstrates the existence of
groups situated between a phenyl ring and a rigid cyclo- a significant coupling between the phthalamide rings and
aliphatic moiety, respectively. High-resolution solid-state adjacent GO groups which move in a correlated way. In
¥C NMR experiments, as well a8 NMR experiments  addition to these ring oscillationsy-flips of the para-
performed on a selectively deuterated sample, corroboratedsubstituted rings were also shown to occur in the
the conclusions of the dielectric analysis [2,3]. Moreover, temperature and frequency domain of tBe dielectric
they led to a precise description of the motional behavior of transition. It must be noticed that, as long as theCC
oscillations occur between states that exhibit energy
*Corresponding author. Tel:+33-1-49-78-12-86; faxi33-1-49-78-12- dlﬁer_ences’ d_ue for exampl_e to dl.ﬁerences in the 'OC?“
08. packing and intermolecular interactions, they take part in
E-mail addressfrancoise.laupretre@glvt-cnrs.fr (F. Lades. the dielectric relaxations [4,5].
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Table 1
Chemical formulas of the repeat units of tigl,_, aryl-aliphatic copolyamides under study
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Secondary relaxations can also be investigated by molding. This method includes a relatively slow cooling
dynamic mechanical analysis. The comparison of data which favors the development of a noticeable crystallinity
obtained from dielectric relaxation and dynamic mechanical in the crystallizable 1T sample [1].
analysis is particularly informative since the two techniques  Since the dynamic mechanical behavior of polyamides is
are sensitive to different parameters. In dielectric spectro- known to depend on the amount of residual water, all the
scopy, only relaxation processes of dipolar groups are samples were carefully annealed under vacuuiy at 20°
detected, whereas motions that are active in dynamic for two days at least to remove residual water. The absence
mechanical analysis are motions that modify the environ- of water was checked by thermal gravimetric analysis,

ment of the units considered. which did not detect any loss weight at temperatures
The purpose of the present paper is the characterization ofbelow the degradation temperature of 26 the annealed
the dynamic mechanical behavior of th&l,_, copoly- films.

amides, the comparison of the results thus obtained with The glass transition temperatures were measured using a
the dielectric relaxation data reported in Ref. [1] and the differential scanning calorimeter (DSC) (Du Pont 1090)
identification of the local motions that are responsible for operating at 10 K/min. The glass transition temperature,
the secondary transitions observed in this series of T, was estimated from the intersection between the initial
compounds. base line and the sloping portion of the base line due to the
glass transition phenomenon.

The dynamic mechanical properties of the copolyamides

2. Experimental under study were determined by using two different

] ] machines:
The chemical formulas of the copolyamides under study

are shown in Table 1. The samples used in the dynamic1. A servohydraulic testing machine MTS 831.10 operating
mechanical experiments were obtained by compression in tensile mode. A sinusoidal deformation (strain
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Fig. 1. Temperature dependences£Ebfas determined at 1 Hz for the different copolyamides under stay.1(8l; (¥): 1.8T; (): 11; (+): 1ToAos

amplitude as small as 0.1%) was superimposed on a staticdamping, tard = E"/E’, and loss compliance,J” =
deformation of about 0.1%. The frequency domain E"/[E? + E"?]. The flexural data were transformed into
covered by the experiments ranged from 0.03 to 80 Hz. E' and E” by using a routine available on the Dupont
Measurements were performed fror®0 to 190C. The DMA 983 and a Poisson ratio equal to 0.33 in the glassy
sample size was 8 15x 40 mnt. state.

2. A dynamic mechanical analyzer Dupont DMA 983. The choice of the viscoelastic function that should be
Experiments covered the frequency range from 0.1 to used for a quantitative comparison of the mechanical
2 Hz and temperatures from150 to 190C. The applied behavior of different materials is still an open question.
strain was 0.15% in flexural mode. Samples of aboyt 2 However, results obtained by Charlesworth [6] on
10% 40 mnT were used. epoxy-amine networks, as well as data obtained in our

laboratory on MMA-based copolymers [7] and epoxy-

The accuracy on the determination of the temperature atamine networks [8], indicate that the loss compliance can

which the maximum oE” or tand is observed for th@ peak be considered as the most relevant parameter, at least for

is of the order of 3C, due to the natural width of th& peak. additive purposes. Therefore, in the following, the semi-
Viscoelastic experiments performed in the tensile mode quantitative analysis and the comparison of the viscoelastic
yield directly the storage modulug’, loss modulusE”, data determined for the different systems will be performed
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Fig. 2. Temperature dependences£bfas determined at 1 Hz for the different copolyamides under st@ly.1(8!; (¥): 1.8T; (J): 1I; (+): 1ToAos
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Fig. 3. Temperature dependences of daas determined at 1 Hz for the different copolyamides under study. Note that only a small part of the transition
associated to the glass transition phenomenon is shown in the figure since its amplitude is about 30 times larger than the amplitude of the ssitamdary tra

(O): 1.81; (¥): 1.8T; (O): 1I; (+): 1TpAgs

in terms ofJ”. Such a description in terms of compliance
corresponds to deformation of viscoelastic elements in
series and implies the strain additivity, in agreement with

composition, theT,(tand) — T, (E") difference has the
9-10 usual value. In the followingT, (E”) will be denoted
asT,. Ty andT, exhibit a systematic difference of the order

the very simple idea of a stress applied, at the molecular of 10°C.

level, on the chain extremities and inducing a series
deformation of the different constitutive units.
3. Results and discussion

The temperature dependencesEof E”, tang, as deter-
mined at 1 Hz for the different copolyamides under study,

As shown by the data displayed in Table 2, the increase in
the lactam-12 amount (from 1 to 1.8 moles in the repeat
unit) is accompanied by a strong decrease, of the order of
3¢ in T,, in agreement with the flexible character of the
lactam-12 moiety. Besides, for a given lactam-12 content,
the replacement of terephthalic acid by isophthalic acid
induces a slightl, decrease of the order of 6 and°ifor
the 1.8Tl,_y and 1Tl,_, polymers, respectively. A similar

are shown in Figs. 1-3, respectively. They point out the pehavior was observed for other polyamides [9], as well as

existence of the glass transition phenomenon at highfor polysulfones [10], polyesters [11] and polyimides
temperature and, at lower temperatures, the presence of12 13].

three secondary transitions B and .

3.1. The glass transition

The temperatured,, (E”) andT, (tans), at whichE” and
tand are maximum at 1 Hz, in the region of the glass trans-
ition phenomenon, are listed in Table 2 for the different
samples, together with the glass transition temperafiyre,
derived from DSC experiments. Whatever the copolyamide

Table 2
Values ofT, (E”) andT, (tan3), (°C), determined at 1 Hz, ang, (DSC),
(°C), for the different copolyamides under study

Copolyamide T. (E") T, (tan?d) T, (DSC)
1.8l 130 140 118
1.8T 137 146 124
1l 161 170 151
1ToAo3 171 180 159

3.2. They secondary transition

As shown in Figs. 2 and 3, thetransition, observed from
dynamic mechanical analysis at 1 Hz, is centered around
—15C0C, in the temperature region of the transition
observed by dielectric relaxation [1]. In both cases, the
temperature range available experimentally does not permit
to observe the wholeg relaxation. However, the agreement
between the two techniques is qualitatively good in the
investigated domain, which suggests that the aliphatic
C=0 groups, responsible for thg dielectric relaxation,
take part also in thg mechanical process.

The determinant’ie of the lactam-12 units in thetrans-
ition is clearly demonstrated by the following approach,
based on the loss complianc#, (Fig. 4). The ratios of
the J” value, determined at135 and 1 Hz (i.e. in the
region of thevy transition) for the considered sample, to
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Fig. 4. Temperature dependenceslbfas determined at 1 Hz for the copolyamides under study in the region of thlaxation. ¥): 1.8T; (): 1I; (+):

the J” value measured under the same conditions for the 1l of (CH,), sequences, is observed around0C°C at 1 Hz
polymer, taken as a reference, are listed in Table 3. Within [14,17], i.e. at a somewhat higher temperature than the
experimental accuracy, these ratios are very close txthe temperature of thg transition of aryl-aliphatic polyamides.
parameter, which defines the number of lactam sequences in -

the repeat unit of theT,l; , copolyamides. This resultindi- ~ 3-3- TheB secondary transition

cates that the intensity of thepeak is mostly determined by . S
the amount of lactam-12 units. It does not depend on the . In contrast to they transition, thel relaxation is observed

nature, tere- or iso-, of the phthalic acid. in its entirety in the temperature range available. As shown

) . . . in Figs. 5 and 6, th@ transition occurs in the temperature
It is also important to notice that the temperature region - -
. . . range from—100 to OC at 1 Hz. It exhibits very similar
of the y process of theT,l- aryl-aliphatic polyamides characteristics in the 1l, 1 Hq3 and 1.8T samples. With
under study is close to the temperature domain of+he ' 9703 ' ples.

) . ) . . ) respect to these polymers, the position of thepeak in
mechanical relaxation observed in aliphatic polyamides. the 1.81 cobolvamide is shifted to lower temperature and
In aliphatic polyamides [14-16], the intensity of the ' Poly P

X . . . ; . . the intensity of the transition is lower. As shown by repro-
peak inw-amino acid-based polyamides is an increasing

. . ducibility experiments plotted in Fig. 6, the difference
function of the number of methylene carbons in the repeat . ! :
. o : between the viscoelastic behaviors of the 1.81 and 1.8T
unit. As a consequence, thgetransition was assigned to

local motions involving the —(ChH,— sequences and the polymers in the region of the maximum of tfepeak is

adjacent amide groups. This interpretation of th&rans- much larger than the experimental uncertainty.
ition in aliphatic polyamides is consistent with the above 3 4 |nfluence of the nature of the acid in the 1.8 and 1.8T
observations derived from the dynamic mechanical analySissamples
of thexT,l,_, aryl-aliphatic polyamides. It is also in agree-
ment with NMR data [2], which pointed out the existence of ~ As shown in Fig. 6, the low temperature part of e
local motions of the lactam-12 GHarbons in the region of  transition is identical in the 1.81 and 1.8T sample. In the
they process. Therefore, in thd,l,_, aryl-aliphatic poly- high temperature region of this transition, an additional
amides, they transition is very likely to originate from  contribution is observed for the 1.8T copolyamide. From
motions localized in the (CH), sequences of the lactam-12  results obtained by dielectric [1] andC and 2H NMR
units and adjacent amide groups. It is of interest to note thatinvestigations [2,3], thef transition was assigned to
they relaxation in polyethylene, which is also due to motions motions of the aromatic rings and amide groups located
between the phenyl ring and the lactam-12 unit. Moreover,
Table 3 w-flips of the phenyl rings were also observed in the region
Ratios of thel” value, determined at 135 and 1 Hz for the considered ~ Of the B transition. Sincen-flips occur inparasubstituted
sample, to thel’(11) value measured under the same conditions for the 11 rings only, the comparison of tfgepeak in the 1.81 and 1.8T
polymer, taken as a reference samples tends to indicate that the high temperature contri-
bution present in the 1.8T polyamide and absent in the 1.8l

Copolyamide J'13"(11) X | - .

polymer is due tar-flips of the phenyl rings. In contrast, the
1ToAos 0.9 1 low temperature region of the transition, which is
i'ST 1145 118 identical in the two polymers, is likely to arise from

oscillations of the phenyl rings and adjacent amide groups.
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Fig. 5. Temperature dependences ofdaas determined at 1 Hz for the different copolyamides under study in the region pfréiaxation. ©): 1.8I; (V):
1.8T; @): 1I; (+): 1ToAos (-): 1T.

Since these oscillations are mechanically active, they shouldphenyl rings occur in the amorphous phase only, no
be accompanied by a local reorganization of the environ- quantitative comparison can be made for this polymer.
ment of the mobile unit. It is of interest to compare the The behavior of the 1j7l,3 sample will be discussed at
present interpretation of th@ transition in aryl-aliphatic the end of the next section.

copolyamides with conclusions reached by Maxwell et al.

[5] on polyethyleneterephthalate whoBearelaxation has a  3.6. Influence of the lactam-12 content

position and extent very comparable to those observed in the

I ides. | lyethyl hthal hel . . .
present copolyamides. In polyethyleneterephthalate, the OWh|gher in the 1l than in the 1.8l polymer. In these samples,

temperature part of th@ transition was associated to local the i fthe lactam-12 content f 1t01.8ind
motions of the ester groups whereas the high temperature € Increase of the lactam-1.- content from 110 1o Induces a

: : : : . hange in the density of the phenyl rings and amide groups
region was assigned te-flips of the phenyl rings [5], just as ¢ o . ] .
in the copolyamides under study. that are active in thed transition. This density can be

estimated by using the following formula:

3.5. Influence of the nature of the acid in the 1l 1§ ;and Ng = npNa/Mo
1T samples

As shown in Fig. 5, the intensity of thg transition is

whereN; is the number of active groups per volume unit at
The amplitudes of th@ transition are very similar in the  the g transition, n the number of CO-NH<¢ groups,
1l, 1T and 1T 403 copolyamides. Based on the above associated to th@ transition, per repeat unip the mass
assignment of the high temperature part of ghansition of the volume unit of the polymerN,, the Avogadro
to w-flips of the phenyl rings, a larger amplitude should be number and, the molar mass of the repeat unit. The values
expected for an entirely amorphous 1T polymer. However, of n, p, My andNg are listed in Table 4 for the 11 and 1.8l
since the 1T sample is semi-crystalline amdlips of the polymers. The ratio of th&l; value in the 11 polymerNg

120 e
N o 1.8, 1st experiment
100 |- YVvy @ 1.81, 2nd experiment
C YYovy v 1.8T, 1st experiment
L v v ng v 1.8T, 2nd experiment
< 0r '§Vv Y ]
=) - 'QOQG.Q.O V; ]
= i 86 Yv J
= 60 ’ss 8. v .
2 v (A& 2% ]
(1} egquY
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Fig. 6. Reproducibility of viscoelastic data in the region of fheslaxation, as obtained by using the MTS 831.10 testing machine.
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Table4 derived by Maxwell et al. [5] on polyethyleneterephthalate

Characteristics of the 11 and 1.81 samples who associated the low and high temperature regions of the

Copolyamide n  p(gem®)  Me@moll)  Ng(cm™) B transition to localized modes of the ester groups and more
cooperative motions involvingr-flips of the phenyl rings,

1l 1 1055 565 n3x10% respectively.

1.8l 1 1.042 722.6 87x10*

As shown by the\ S, andAS,qvalues reported in Table
5, there is no indication of the existence of cooperafive
(11), to theNg value in the 1.8I polymen\g (1.8l), is equal motions in the 1§43 sample. This result indicates that the
to 1.30. The ratio of the respective areas of ghgansition cooperative motions that involve-flips of the phenyl rings
as determined from the plots df vs temperature in these in the high temperature region of tie transition cannot
two polymers is equal to 1.31. The equality of these two occur without a high density gbarasubstituted rings in a
ratios indicates that the intensity decrease observed f@ the given site.
transition in the 1.81 polymer is due to the dilution of the
mechanically active groups which results from the increase 3.8. Thew transition
in the lactam-12 content.

The w transition is a weak and wide transition centered
3.7. Analysis of the cooperativity of local motions around 60C, in the temperature range of tlhesecondary
relaxation observed by dielectric relaxation [1]. As observed

Table 5 shows the activation energigs, andE, ,and  giso by dielectric relaxation, the position and width of éhe
entropiesASnaandAS;g determined at the maximum and  mechanical peak are independent of the copolyamide
end of the@ transition, respectively, by using Starkweather composition, within experimental accuracy.
analysis [18—-20]. Whatever the polymer considered, except The common features shared by themechanical and
the 1.8T copolyamide, thE, andASq.values are inthe  gjelectric transitions tend to indicate that these two phenom-
range from 55 to 60kImot and from 30 t0  ena have the same origin, i.e. they arise from motions that
40 J K" mol ™, respectively. In the 1.8T samplE, _ and  involve the conjugated amide groups situated between the
ASyax are equal to 65 and 60 JKmol ™, respectively. At aromatic ring and aliphatic cyclodiamine.
the end of thep transition, the activation energies are

10-15 kJ mol* higher than theg, , values in the 1.81, 11 3.9, The temperature dependence of the storage modulus
and 1713 polymers, whereas, in the 1T and 1.8T samples,

the increase fromE, to E, is of the order of The temperature dependence of the storage modglus,
25-30 kJ molt. The same tendencies are observed for the is shown in Fig. 1 for the various samples under study.
activation entropies: thAS,,xandAS,qvalues are equal in The values of the storage modufi,_;ssc andE’_jpsc,

the 1.8l, 11 and 1§, 3 polymers within experimental accu- determined at—155 and —105°C, respectively, for the
racy. The rather small values afS,,, and AS,4 in these different copolyamides, as well as tHg ;55 — E. 105c
samples indicate that the motions that are responsible for thedifferences, are listed in Table 6. At low temperatures, the
B transition are very localized modes [9]. On the other storage moduli tend to a common value, independently of
hand, in the polymers based on terephthalic acid only, their chemical composition. In contrast, atLl05°C, which
AS,q is approximately twice the value diS,,, which can be considered as the end of thigansition, the moduli
implies that the motional cooperativity is higher in of the 1.8T and 1.8] compounds are 300 MPa lower than the
the high temperature part of thg transition than around  modulus of the 11 and 17T, 3 materials. As shown by the
the temperature of the maximum of tBepeak. Using the  data reported in Table 6, tHe_;s5c — E_105¢ difference
above interpretation of thp transition, the more coopera- does not depend on the nature of the acid (tere- or iso-
tive motions are straightwardly identified as motions phthalic acid). It increases on increasing the lactam-12
involving the w-flips of the phenyl rings whereas the loca- content. These results are consistent with the above
lized modes that occur in the lower temperature region are assignment of they transition to motions involving parts
oscillations of the phenyl rings and adjacent amide groups. of the lactam-12 moieties.

This result is in perfect agreement with the conclusions The values of the storage modukE’ oy and Efec,

Table 5

Activation energies and entropies determined at the maximum and end pftthasition, using Starkweather analysis
Copolyamide E,,, (kI mol™) AShax (I K 1mol ™ Es,, (kd mol™) ASng (3 K T mol™)
1.8l 55 30 70 35

1.8T 65 60 95 120

1l 55 30 70 25

1ToAos 60 40 70 30

1T 60 40 85 85
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Table 6 Table 8

Storage moduli (MPa) af = —155C, T = —105C and decrease of the Storage moduli (MPa) & = 20°C, T = 80°C and decrease of the storage
storage modulus betweenl55 and—105C for the copolyamides under modulus between 20 and ®Dfor the copolyamides under study

study

Copolyamide Eboc Esoc Eboc — Esoc
Copolyamide El1s5c E 105c EL1ssc — EL1osc

1.8l 1710 1610 100
1.8l 3950 2450 1500 1.8T 1650 1510 140
1.8T 4190 2640 1550 1l 2030 1860 170
1l 4120 2920 1200 1ToAos 1920 1710 210
1ToA0s 3960 2910 1050

the copolyamide. As a consequence, the storage modulus of
determined at-100 and OC, respectively, on each side of copolyamides containing 1.8 lactam-12 units in the repeat
the B transition, for the different copolyamides, as well as unit is lower than the modulus of compounds containing 1
the E"_1ogc — Egc differences, are listed in Table 7. TRe lactam-12 unit in the repeat unit at temperatures higher than
transition is accompanied by a 800 MPa decrease of the —120°C.
storage modulus for the 1.8T, 1l and ¢4l ;s samples and The B transition involves the conjugated-CONH
a 650 MPa decrease for the 1.81 copolyamide, whpse sequence, where the relevant amide group is situated
transition is of relatively lower intensity. It must be noticed between the aromatic ring and the lactam-12 moiety. The

that the storage modulus decrease induced bySthans- mechanical response is closely related to the ring motions.

ition is lower than the storage modulus decrease induced byWhereas the lower temperature part of figansition can

the vy transition. be assigned to localized motions of amide groups and
The values of the storage modufiyyc andEgyc, deter- isophthalic or terephthalic rings, the higher temperature

mined at 20 and 8, respectively, on each side of the range of theB transition is associated with intra- or inter-
transition, for the different copolyamides, as well as the molecular cooperative motions involving-flips of the
Ebgc — Efgc differences, are listed in Table 8. The terephthalic rings.

transition only induces a weak decrease in the storage The characteristics of the transition are very similar,
modulus. TheE,yc — Espc difference is an increasing whatever the investigation technique, which tends to show
function of the terephthalic acid content and a decreasing that the mechanical and dielectriaelaxations are both due
function of the lactam-12 content. The latter units act as a to motions that involve the amide groups located between
diluent for the groups that are mechanically active in¢ghe  the phenyl rings and cycloaliphatic moiety. The replace-
transition. ment of terephthalic rings by isophthalic rings induces a
decrease in the intensity of thetransition and, as a conse-
quence, a higher storage modulus in the temperature range

4. Conclusions delimited by thew relaxation and the glass transition.

The dynamic mechanical analysis of the aryl-aliphatic

copolyamides under study demonstrates the existence ofacknowledgements

three secondary relaxationg, B and », which occur in
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