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A series of aliphatic polyamides (PAs) including PA 6, PA 6.6, PA 6.10, PA 6.12, PA 11, and PA 12 has been
subjected to physical aging and analyzed regarding changes of structure during annealing at temperatures
around 50 to 100 K below the glass transition temperature (T,) for periods up to few hours, employing fast
scanning chip calorimetry (FSC). Annealing the amorphous glass of non-crystallized samples at such low tem-
peratures produces endothermic sub-T, annealing peaks at slightly higher temperature in subsequently recorded
FSC heating scans, scaling in area with the time of annealing for a given annealing temperature. Variation of the
annealing temperature furthermore indicates that the underlying process of structure-change slows down with
decreasing annealing temperature but not disappears even 100 K below T,. Most important, comparison of the
behavior of the various PAs investigated reveals a distinct effect of the chemical structure such that the amount of
structure-reorganization (glass relaxation and/or ordering) in a pre-defined period of time reduces with
decreasing methylene-group sequence-length between amide groups. It appears that the amide-group concen-
tration in the chains, which determines the density of the hydrogen-bond network to neighbored molecular

segments, controls/restricts the re-arrangements of sub-nm sized molecular units.

1. Introduction

Cooling amorphous polymers to below the glass transition temper-
ature T, causes formation of initially thermodynamically unstable
glasses of relatively high enthalpy and specific volume. This is caused by
the decrease of molecular mobility of the segments below a critical value
on lowering the temperature, needed for cooperative segmental mobility
(often called segmental- or o-relaxation), being fast only above T, and
quickly fading in a temperature window of 30-50 K below T, [1,2].
While the typical time scale to adopt a temperature-dependent qua-
si-equilibrium structure is of the order of magnitude of picoseconds in
the liquid state, [3] in the glassy state the relaxation time increases with
the difference between the glass-annealing temperature and T; from,
roughly, milliseconds to even millions of years [4-7]. The
quasi-equilibrium state is then defined by the free volume and enthalpy
of the corresponding liquid at identical temperature, with its approach
requiring changes of conformations of covalent bonds (also called
large-amplitude motion) [8]. Typical experiments for quantification the
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glass-relaxation kinetics include in a first step the vitrification of the
liquid phase at a specific cooling rate, which controls the (in-)stability of
the obtained glass, being higher on faster cooling. Then, in the next step,
either the time-dependence of the decrease of the specific volume is
directly measured, or the decrease of the enthalpy is followed indirectly,
by analysis of enthalpy-recovery peaks in calorimeter heating scans
recorded after a specific glass-annealing history [9-11]. The analysis of
the rather slow decrease of the free volume within the glass-a-relaxation
process at temperatures up to a few ten K below T, again, involving
slow cooperative mobility of nm-sized units, is of great econom-
ic/engineering importance as it affects ultimate properties of polymeric
materials, for example leading to embrittlement or affecting diffusion,
also called physical aging, [12-16] with similar property changes re-
ported e.g. for metallic glasses [17,18].

With decreasing temperature in the glassy state, related to the
further decrease of the free volume, cooperative segmental mobility
diminishes, and only smaller structural units remain mobile and
contribute to glass relaxation by local non-cooperative molecular
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Table 1
List of polyamide samples including source, grade, chemical structure of repeat unit, CH/NH-CO number ratio, and glass transition temperature T,.
Source/grade Chemical structure of repeat unit CH,/NH—CO Number ratio T, (°C) (M)
PAG6 BASF Ultramid B27 5/1 57.5
+— N—(CH,)s—C
| I In
H 0
PA 6.6 DuPont Zytel 101 10/2 57.5
- NH— (CHy)e — NH— (”:_(CHQ)A - %
n
(0] (o]
PA 6.10 DuPont Zytel 3060 14/2 45
— NH — (CH,)s — NH— C—(CH,); — C
Il I In
(0]
PA6.12 Sigma-Aldrich 16/2 40
T NH — (CHy)s — NH— %_(CHz)w - (":
n
O [¢)
PA 11 Arkema Rilsan BESNO TL 10/1 40
1= N—(CH,);,—C
| I |n
H (o]
PA 12 EMS-Grivory Grilamid L20 11/1 40
T~ N—(CH)y—C
| I |n
[e]
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Fig. 1. Temperature-time profile for analysis of the change of structure deep in
the glassy state of polyamides.

motion, often denoted as p-relaxations [19,20]. Their apparent activa-
tion energy is lower than for the a-relaxation process, thus being acti-
vated at lower temperature, and the relaxation times, at a given
temperature, are much shorter. For aliphatic polyamides, being in focus
in the present work, a- and p-relaxations are associated with cooperative
motions of larger segments/units and the mobility of amide groups,
respectively, and occur at common laboratory time scales at tempera-
tures of around 50 and —40 °C; also the motion of methylene groups
(denoted as y-relaxation) is detected at around —120 °C [21,22]. These
information were obtained by dynamic-mechanical or dielectric ana-
lyses, allowing their filtering by frequency variation of the perturbation,
based on the largely different relaxation times, while the assignment of
the p- and y-relaxations to specific structural units was done by sys-
tematic variation of the concentration of amide groups in the repeat unit
of the macromolecular chains. Calorimetric analysis of the p-relaxation
characteristics may be possible in analogy to the often performed
analysis of the a-relaxation process, by following the evolution of
enthalpy-recovery peaks on heating samples subjected to annealing at
sufficiently low temperatures where a-relaxation is ceased [23,24].
Compared to mechanical and dielectric spectroscopy, such analyses,

however, are rare, probably due to difficulties in detecting the rather
small changes in enthalpy and the limited heating-rate range to obtain
information about activation energies from Arrhenius plots, when
employing conventional differential scanning calorimetry (DSC).

Beside dedicated calorimetric p-relaxation studies on pharmaceuti-
cals, [23,25] or metallic glasses, [26-34] also several reports about
detection of endothermic sub-T, annealing peaks on heating polymer
glasses aged at low temperature are available [35-46]. However, their
nature is not unequivocally discussed yet, as structural changes causing
sub-T, annealing peaks in calorimeter heating scans are discussed in
terms of both glass relaxation, [35-42] and ordering processes [43-46].
Sub-T; annealing peaks are documented for amorphous polymers
including poly(vinyl chloride), [35] polyarylate, [36] polysulfone and
polycarbonate, [37] as well as bulk and thin films of polystyrene,
[38-40] which then are straightforward attributed to glass relaxation
due to the inability for crystallization. In contrast, endothermic sub-Tg
annealing peaks were also measured in crystallizable poly(ethylene
terephthalate), [41-46] and associated to both relaxation and ordering.
The ordering process is then discussed within the concept of cohesional
entanglement, including “nematic interaction of neighboring chain
segments” [44-46].

Recently, we investigated the low-temperature-mobility of molecu-
lar chain segments of polyamide 11 (PA 11) by means of calorimetry
[47]. Motivation for this research was to understand the superior
low-temperature toughness/impact strength of this polymer even at
temperatures 80 K below T,, [48] requiring the ability of amorphous
molecule segments for local plastic flow in response to an external
perturbation/load by absorption of energy rather than fracture [49,50].
The experiments successfully confirmed measurable changes of the local
structure far below T, by detection of sub-T, annealing peaks. Beside
confirmation of the effects of annealing temperature and time on the
amount of relaxation, [35] the study also showed that the related
enthalpy changes (as a measure of the structure-relaxation process in the
amorphous fraction) on low-temperature annealing —that is, annealing
at temperatures >(30-50) K below T,— is independent on the presence
of crystals. This observation was in strong contrast to analysis of relax-
ation close to T, where cooperative large-amplitude motion in the
amorphous phase is restricted in semicrystalline samples, with this
result being in agreement with independent studies of the glass relaxa-
tion behavior of semicrystalline poly(i-lactic acid) [51,52]. A combined
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Fig. 2. FSC analysis heating scans (see Fig. 1), apparent heat capacity as a function of temperature, of low-temperature annealed polyamides as indicated. The four
sets of curves refer to prior annealing at different temperatures between —40 and —10 °C (see bottom right plot), and blue and red coloring indicate annealing times
of 1072 and 10* s, respectively. Note that heating was performed to temperatures above the respective equilibrium melting temperatures according to Fig. 1, with the
shown temperature interval selected for optimum representation of annealing peaks.

dielectric and calorimetric study on poly(ethylene terephthalate)
revealed the absence of the large-amplitude motion in the rigid amor-
phous fraction while the intensity of the secondary p-relaxation scales
with the crystal fraction only [53]. However, further details about the
local low-temperature relaxation process in PA 11 are unknown, in
particular which structural unit of the macromolecular chain contrib-
utes to the detected change of structure.

For this reason, in the present work a large set of aliphatic poly-
amides of different amide group concentration, implying different
length of the methylene group sequence between the amide groups, is
analyzed regarding changes of structure in the deep glassy state, using
the same experimental strategy as applied in the PA 11 study [47]. As
such, we follow the enthalpy change during isothermal annealing by
analysis of the area of endothermic annealing peaks recorded subse-
quent to the annealing step. For both the approach of the annealing
temperature, starting from the equilibrium liquid state, and the analysis
heating scan, the use of fast scanning chip calorimetry (FSC) has been
proven advantageous, as it allows precise preparation of glasses with a

w

specific cooling history, adjustment of annealing times down to
sub-seconds related to the short instrument time constant, and analysis
of weak transitions in the heating step, related to the fast heating
capability [54].

2. Experimental
2.1. Materials

For gaining information about the effect of the amide group con-
centration in the molecular chains on changes of the physical structure
during low-temperature annealing, a large set of different aliphatic
polyamides was investigated. Table 1 provides a list of these polyamides
including the source, grade, the structure of the chemical repeat unit, the
number ratio of methylene and amide groups, and the glass transition
temperature. Samples were available as pellets and used as-delivered.
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Fig. 3. (a) Temperature-time protocol for FSC analysis of the absolute heat
capacity of polyamides in the liquid state, (b) example of FSC heating (red) and
cooling scans (blue) obtained on PA 12, using the thermal profile of (a), and (c)
specific liquid heat-capacity data of polyamides as available in the litera-
ture [66].

2.2. Instrumentation

For calorimetric analysis of structure changes in polyamides far
below T, DSC of the Flash series were employed using conditioned and
temperature-corrected UFS 1 chip sensors (Mettler-Toledo, Greifensee,
Switzerland). The instruments were operated in conjunction with TC100
intracoolers (Huber, Offenbach, Germany), allowing to adjust the sam-
ple support temperature to —90 °C, and the sample environment was
purged with nitrogen gas at a flow rate of 35 mL/min. Sample prepa-
ration included cutting of thin sections of 10 pym thickness with a
microtome (Slee, Mainz, Germany), and limiting their lateral size to
<100 um with a scalpel under a stereomicroscope. Such specimens were
then placed in the center of the heatable area of the sensor, where a
homogeneous temperature distribution is expected [55]. We used both
silicon oil and gold leaf as intermittent layers between the sensor
membrane and the sample, to assure good thermal contact and minimize
sensor-membrane bending due to different thermal expansion/con-
traction compared to the polymer samples, [56] affecting the instru-
mental baseline.
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3. Results and discussion

Fig. 1 shows the temperature-time profile for FSC analysis of struc-
ture reorganization on annealing polyamides at temperatures far below
the main glass transition temperature associated to the a-relaxation
process. The equilibrium melt/liquid is cooled at a rate of 1000 K/s to
temperatures between —10 and —40 °C, that is, to at least 50 K below

T,, and then annealed for periods of time between 1072 to 10* 5. The
selected cooling rate of 1000 K/s is higher than the critical cooling
required to suppress crystallization, reported for PA 6, 66, 11, and 12 in
the literature, [57-61] or determined in this work. This implies that at
the annealing temperature samples were fully amorphous. Subsequent
the annealing step, samples were heated at a rate of 1000 K/s for
analysis of possible changes of enthalpy.

Fig. 2 presents analysis heating scans of all polyamides investigated
in the present work. Within the various plots, the four sets of curves refer
to annealing experiments performed at —40, —30, —20, and —10 °C, as
indicated in the bottom right plot, and blue and red coloring indicate
annealing for 102 and 10* s, respectively. For the annealing experiment
performed at —10 °C (upper curve set in each plot), the difference in
apparent heat capacity of samples annealed for 102 and 10* s is red-
shaded. Note that cold-crystallization in the cases of PA 11 and PA 12
cannot be avoided at the selected heating rate of 1000 K/s, [60,61] with
the observed exothermic peaks, however, not affecting data-analysis.

For all samples, endothermic annealing peaks are detected at tem-
peratures well below Tg, with the latter recognized by the heat-capacity
increment due to the solid-liquid transition and the different heat ca-
pacities of solid and liquid states, ¢, g and cpjiguia, respectively, as
illustrated with the gray lines in the center right-column plot [62]. The
annealing peaks are rather broad and scale regarding their temperature
and area with the annealing temperature and time, respectively, ac-
cording to the expectations from the literature for both relaxation and
ordering processes [35,44,63]. Important to note, the experiments of the
present work are not designed to distinguish between these two causes
of annealing peaks and therefore we generally express the observations
as related to “changes of structure”. This notwithstanding, most striking,
and being in foreground in the present study, however, is the detection
of distinct differences in the amount of annealing-induced changes of
structure in the various polyamides, as expressed by the different area of
the annealing peaks obtained after annealing at identical conditions.
This observation is obvious when comparing e.g. the red shaded area in
the various plots, illustrating the difference of FSC heating
curves/annealing-peak areas obtained after annealing the samples at
—10 °C for 1072 and 10* s. As such the peak area seems to follow the
sequence [PA 6, PA 6.6] < [PA 6.10, PA 6.12] < [PA 11, PA 12], which,
however, does not reflect the order of the glass transition temperatures
as discussed in more detail below.

Quantitative comparison of the area of the endothermic low-
temperature annealing peaks in terms of transition enthalpies requires
normalization of absolute heat-flow rate data (in units of mW) or
apparent heat capacities (in units of J/K) by the sample mass, which in
FSC experiments is not directly obtained by weighting due to the small
size of samples but only indirectly by internal calibration. In this work,
we determined the sample mass by measurement of the absolute heat
capacity in the melt state (in units of J/K) and comparison with the
specific heat-capacity (in units of J/(g K)) available in the literature. For
demonstration, Fig. 3a shows the used temperature-time protocol which
includes a 10-cooling-and-heating loop in the temperature range from
well above the equilibrium melting temperature Ty o (Tmax) to slightly
below Tp0 (Tmin), with more precise temperature-range information
provided in the legend. Repeated scanning of the selected temperature
interval served for excluding degradation and mass losses during mea-
surement, while the selection of Ty, slightly below T, is considered
uncritical for determination of the liquid-phase heat capacity, since
crystallization sets in only at significantly lower temperature at the
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Fig. 4. Low-temperature-annealing-caused excess specific apparent heat capacity of different polyamides as a function of temperature. Samples were annealed at
temperatures between —40 (lower set of curves in each plot) and —10 °C (upper set of curves in each plot) for different periods of time between 102 and 10* s

(see legend).

selected cooling rate of 1000 K/s. Heat-flow-raw data were corrected for
instrumental heat losses estimated by a baseline recorded using a rate of
1 K/s, as indicated in the legend [64,65]. As an example of
baseline-corrected data, Fig. 3b presents sets of cooling (blue) and
heating scans (red), recorded between 180 and 250 °C obtained on PA
12, revealing the initial approach of instrumental steady state when
starting to cool/heat the sample after the isothermal segment at Tjqx
/ Tmin. Within the gray-shaded temperature-range, the system is in steady
state, allowing to interpret the data as heat capacities. Finally, for esti-
mation of the sample mass, measured absolute heat capacities are
compared with specific heat-capacity data of the liquid phase available
in the literature, [66] shown in Fig. 3c. As such, sample masses were
between about 120 and 220 ng, with the rather large sample size being
advantageous for the detection of the relatively low amount of enthalpy
changes during the low-temperature annealing steps. With the knowl-
edge of the sample mass, a quantitative comparison of the above pro-
posed different behavior of the various polyamides becomes possible.
Fig. 4 shows with the various plots sample-mass-normalized excess
apparent heat capacities of the different polyamides of Table 1 as a
function of temperature, caused by prior isothermal annealing at tem-
peratures between —40 (lower set of curves in each plot) and —10 °C

(upper set of curves in each plot) for different periods of time between
1072 and 10* s (see legend). These data confirm the initial suggestion
that low-temperature-annealing-caused enthalpy changes, and therefore
changes of structure, for given conditions of thermal treatment, depend
on the specific chemical structure of the polyamide, being smallest for
PA 6 and PA 6.6, and largest for PA 11 and PA 12.

Further quantification of the amount of changes of structure on low-
temperature annealing is then done by integration of the observed
peaks, and plotting the area in units of J/g as a function of the annealing
time, as shown with Fig. 5. The lower part of the Figure is organized such
that data associated to specific polyamides and annealing temperatures
are presented separately, with the main information that for all poly-
amides structure-equilibration begins latest after about 10° s, does not
complete within 10* s, and is more pronounced on annealing at higher
temperature (see red curves). Since a comparison of the annealing
behavior of the various polyamides is difficult when data sets are
vertically shifted for improved illustration of the effect of the annealing
temperature, in the upper part of the figure all curves are presented
superimposed, for highlighting the effect of the different chemical
structure of the various polyamides. While for PA 6 and PA 6.6,
annealing for 10* s leads to changes of structure equivalent to a change
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Fig. 5. Enthalpy of structure-change during low-temperature annealing of
different polyamides, calculated by the area of annealing peaks shown in Fig. 4,
as a function of the annealing time. In the lower part, data associated to specific
polyamides are vertically shifted for improved visibility, while in the upper part
all curves are superimposed.
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tween T,, measured on cooling at 1000 K/s, and the annealing temperature
Tann (supercooling). Lines serve for guiding the eye only.

of enthalpy of about 2 J/g, it is about twice for PA 11 and PA 12. The
latter result quantitatively confirms data observed on PA 11 in an earlier
independent study [47].
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Since the process of structure equilibration on low-temperature
annealing does not complete within the maximum annealing/measure-
ment time, and since the data do not allow a prediction of an equilib-
rium/plateau value, we employed the enthalpy-change during
annealing for 10* s for benchmarking the different low-temperature
structure-equilibration strength of the various polyamides. As such,
Fig. 6 shows for the different polyamides the enthalpy-change during
low-temperature structure equilibration for 10* s as a function of the
temperature difference between T, and the annealing temperature

Tamn, denoted as degree of supercooling the thermodynamically unsta-
ble system below T,. The reason for not plotting the enthalpy change
directly as a function of the annealing temperature Ty, is the obser-
vation of different glass transition temperatures for the various poly-
amides (PA 6 and PA 6.6: 57.5 °C, PA 6.10: 45 °C, PA 6.12, PA 11, and
PA 12: 40 °C), showing a similar trend as in the literature, [67]
decreasing with increasing length of the methylene-sequence between
amide groups. In other words, at a selected constant annealing tem-
perature, the glasses of the different polyamides exhibit different
mobility of structural units, controlling the kinetics of structure
reorganization.

The data of Fig. 6 confirm the initial qualitative evaluation of the
experimental raw data of Fig. 2. First, there is observed a significant
decrease of the enthalpy at temperatures lower than required for
a-relaxation [T < (T,—50 K)], which, though fading with decreasing
absolute temperature, is still large at a temperature 100 K below Tj.
Second, and more important regarding the scope of this study, the
change of enthalpy, that is, the amount of structure reorganization at a
given glass-supercooling condition depends on the chemical structure of
the polyamide repeat unit: the longer the methylene-sequence between
amide groups, as e.g. expressed as number ratio between the CH; and
CO-NH groups (see right column in Table 1), the more pronounced are
the changes of structure deep in the glassy state. Conclusions whether
the decrease of the enthalpy is caused by a relaxation of the glass
(enthalpy relaxation), involving non-cooperative conformational
changes of sub-nm sized units without ordering, or by local ordering
processes (crystallization), that is, formation of small ordered domains
with enthalpic interactions between neighbored units, cannot be drawn
from the performed experiments. Therefore the observed enthalpy
changes, throughout this study, are denoted as (local) structure reor-
ganization only. In any case, enthalpy relaxation and formation of a
glass of lower (free) enthalpy, or formation of ordered structures
(probably not fulfilling the prerequisites to be classified as a classical
phase) [68] with a lower free enthalpy than the surrounding
non-ordered phase, is enhanced if the concentration of amide groups in
the macromolecular chains is low. A possible reason is that the hydrogen
bonds connect to neighbored chain segments and generate a
three-dimensional network, [69,70] therefore perhaps reducing also the
mobility of the methylene-sequences in between, slowing down their
relaxation/ordering. A similar picture has been developed for the
“classical” above-T-crystallization process, for which the relatively fast
crystallization process of PA 10.12 and PA 12 is associated to low
hydrogen-bond density, supporting short-range diffusion in the
low-temperature region slightly above T, [71]. This experimental
observation, in addition, was confirmed by molecular simulation with
the main outcome that strong hydrogen-bonding slows down polymer
diffusion [72]. Worth noting that the suggested reduced (local,
segmental) mobility of polyamides with high hydrogen-bond density is
in agreement with their lower heat capacity (in units of J/(g.K)) in both
the liquid (see also Fig. 3c) and solid states (e.g. at 270 K), [66,73]
which, however, does not imply a lowered relaxation strenght as judged
by the heat-capacity step at Ty (ACP\T:Tg)~ For PA 6 and PA 12,

AcP|T:Tg -values of 0.48 and 0.38 J/(g.K) are reported, [66] respectively,

and for this reason, the smaller annealing peaks in the case of PA 6,
compared to those of PA 12, obtained at comparable annealing condi-
tions, cannot be explained by an inherently reduced relaxation capacity,
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if caused by glass relaxation.
4. Conclusion

In the present work, physical aging and structure-reorganization/
equilibration of non-crystallized aliphatic polyamides at temperatures
far (50-100 K) below Ty, that is, at temperatures where a-relaxation is
largely suppressed, has been detected by calorimetry via analysis of
endothermic annealing peaks in heating scans recorded subsequent the
low-temperature equilibration step. Annealing aliphatic polyamides at
such low temperature causes a decrease of the enthalpy of the order of
magnitude of a few J/g, increasing with time and temperature of
annealing. Such enthalpy-changes are typical for both relaxation and
ordering processes. Systematic variation of the chemical structure of the
repeat unit of the investigated aliphatic polyamides allowed linking the
magnitude of the structure-equilibration process to the length of the
methylene sequence between amide groups, such that structure equili-
bration is enhanced in polyamides with longer methylene sequences in
their repeat unit. In other words, the obtained experimental data pro-
vide evidence that with increasing density of the hydrogen bond
network, connecting neighbored chain segments, relaxation and/or
ordering processes are slowing down and hindered.
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