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ABSTRACT: The transition behavior and thermal properties of nylon-6 at elevated pressure, p, have been
established by in-situ thermal conductivity, κ, and heat capacity measurements. The glass transition
temperature, Tg, of virgin nylon-6 is described well by the empirical equation Tg(p)=319.60(1 þ 1.90 p)0.24

(p in GPa and Tg in K). Moreover, isobaric heating in the 1-1.2 GPa range causes a cold-crystallization
transition near 500 K. As a result, κ increased ∼15% whereas the heat capacity per unit volume decreased
∼7% slowly with time during 4 h annealing at∼530 K. The transformation is associated with a significantly
increased crystallinity, from ∼35% to 55-60%, and a pressure-induced preferred orientation and increased
size for the lamellae of monoclinic R crystalline structure. This state has 8-10 K higher melting temperature
and better formic acid resistance than that of virgin nylon-6.However, the results showno indication of cross-
linking, as reported for similarly treated nylon-1010 and nylon-11, but instead chain scissoring.

Introduction

Polyamides are a family of synthetic polymers in which units
are linked together by amide groups. The most well-known
member in this family is nylon, which is the generic name for
linear polymers that consist of methylene sequences in between
amide groups. Various nylons are referred to by the number of
carbon atoms in the constitutional repeating unit, such as nylon-6
with six carbons in the repeat unit: [CO-(CH2)5-NH]n.Nylon-6,
which is also called polycaprolactam or polyamide-6, is an
important engineering thermoplastic and a matrix for composite
materials once it has been synthesized. This is mainly due to its
high-strength semicrystalline structure that has excellent tem-
perature stability and chemical resistance, which are among the
best in the polymer family.1 Resistance to heat, oil, wear, and
abrasion has made nylon an alternative candidate material in
applications such as gears, bearings, etc.1

Nylon-6 can exist in at least two crystalline modifications: a
stable monoclinic R structure and a monoclinic or pseudohex-
agonal γ crystal structure.1 Slow cooling from the melt yields
mainly the former whereas rapid cooling and crystallization at
lower temperatures yields increasing amounts of the γ phase, and
γ becomes the dominant phase when crystallization occurs at
∼130 �C and below.2 The phasesmay coexist, but the γ phase has
been found less stable and can be converted to theR form, e.g., by
annealing slightly below the melting temperature (493 K) and/or
under stress.1 The remaining amorphous part is in a glassy state at
room temperature, but the segmental mobility increases on
heating via a weak glass transition. The glass transition tempera-
ture Tg, which is in the range 320-330 K for dried nylon-6,
depends on the thermal treatment and the water content, which
has a plasticizing effect in nylon.1 The glass transition is relatively
featureless and therefore difficult to probe, which is an effect
possibly caused by the crystalline regions that can restrain the
enhanced molecular motions in amorphous regions.3 The diffi-
culty increases even further under high-pressure conditions,
which hamper experimental studies and may also suppress glass

transition characteristics such as the change in the thermal
expansivity.

There are relatively few experimental studies of nylon-6 under
high pressure, and those of a particular interest here are briefly
summarized. The glass transition of nylon-6 has been studied by
volume measurements at pressures below ∼0.2 GPa.1 However,
Tg was difficult to establish due to only a weak and gradual
change in the expansion coefficient, and no equation for the
pressure dependence of Tg was given. More recently, Utracki4

also found it difficult to detectTg in data for the equation of state
of nylon-6, but these results indicated an increase of Tg by 107 K
GPa-1. It seems that no other study has concerned, or has been
able to detect, the Tg variation under high-pressure conditions.
Moreover, despite the importance of the thermal conductivity
and heat capacity, and their changes with pressure for knowledge
in e.g. polymer processing,5 there seems to be only one previous
high-pressure study. Andersson6 has determined the relative
increase of the thermal conductivity of various nylons for pres-
sures up to 2.5 GPa at 300 K. Further, in a series of studies,
Gogolewski and Pennings7-10 have investigated the structural
changes in nylon-6 caused by annealing under high-pressure high-
temperature (HP&HT) conditions ormeltingunder highpressures
below 0.8 GPa. They reported increases of the melting peak
temperature and melting enthalpy at atmospheric pressure after
such treatments. Moreover, Gogolewski and Pennings7-10 sur-
mised that the HP&HT treatment caused CO-NH bonds to
breakandproposed a chain extensionmechanism in the crystalline
parts of nylon-6, which resulted in larger lamellae sizes and
increased crystallinity. This is an interesting effect of pressure
noticed for many semicrystalline polymers, e.g., polyethylene11

and more recently poly(n-octadecyl methacrylate).12

Several synthetic polymers for commercial use are occasionally
(e.g., polyethylene) or commonly (e.g., polyisoprene) cross-
linked, which is an important method to impart desirable
mechanical properties and improved thermal stability. Cross-
linkable polymers exhibit improved stiffness and chemical resis-
tance in the cross-linked state fulfilling higher engineering de-
mands than corresponding virgin polymers. Charlesby13 and
Dadbin et al.14 have shown that it is possible to cross-link “nylon”*Corresponding author. E-mail: ove.andersson@physics.umu.se.
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(nylon-6,6) and nylon-6, respectively, by electron beam radiation.
The modified nylon-6 showed enhanced thermal stability, and
increased tensile strength and yield stress, but decreased elonga-
tion at break.14 There have also been a number of attempts to
cross-link polymers by HP&HT treatments. A few of those
concern nylon; e.g., Yang et al.15,16 studied nylon-1010 treated
at 523 K for pressures in the range 0.5-2.5 GPa. They concluded
that nylon-1010 became cross-linked during treatment at 1.0 and
1.2GPa, which was inferred from the absence ofmelting peaks in
subsequent differential scanning calorimetry measurements at
atmospheric pressure. Moreover, Gogolewski and Pennings17

found that nylon-11 could be cross-linked by cooling from the
melt or annealing at 593 K or higher at 1.0 GPa. It has also been
shown that network formers such as polyisoprene18 and poly-
butadiene19 can be cross-linked into elastomeric states purely by
HP&HT treatment, i.e., without the use of vulcanization chemi-
cals. In this work, we have investigated if nylon-6 becomes cross-
linked by similar HP&HT treatments.

To the best of our knowledge, this is the first measurements of
thermal conductivity, κ, and heat capacity per unit volume, Fcp,
of nylon-6 in a wide temperature range (100-530 K) under high-
pressure conditions. In addition to the magnitudes of κ and
Fcp, these data show the glass transition in nylon-6 and, thus,
the pressure-induced changes of Tg. Moreover, the recovered
HP&HT treated samples have been subjected to comprehensive
analyses to determine the structural changes. This have enabled
us to establish (i) the HP&HT transition behavior and the
associated structural changes as well as their effect on κ and Fcp
and (ii) the absence of cross-links in nylon-6 after treatments in
1-1.2 GPa range for temperatures up to 530 K.

Experimental Section

Materials and Sample Preparation. Nylon-6 pellets with a
stated viscosity average molecular weight of 10 000 were pur-
chased from Scientific Polymer Products Inc. (The measured
viscosity average molecular weight, see below, was 21 000.) The
pellets were melted and cast into plates, 5 mm thick and 37 mm
in diameter, under dry argon gas. Subsequently, the nylon-6
plates were degassed at 80 �C for 24 h in a vacuum oven before
assembling the plates in a sample cell. A sample of nylon-6 was
also synthesized using a standard procedure by polymerization
of ε-caprolactam, using 6-aminocaproic acid as initiator (see
Supporting Information).20 The measured viscosity average
molecular weight was 28 000. The synthesized nylon-6 was cast
into plates using the same procedure as for the purchased nylon-
6. Unless otherwise stated, the results presented here refer to the
purchased nylon-6.

Thermal Conductivity and Heat Capacity Measurements and

High-Pressure Experimental Setup. The transient hot-wire
method, which has been described in more detail earlier,21 was
used to measure simultaneously both κ and Fcp. Briefly, two
sample plates were loaded into a custom-made Teflon cell with a
hot-wire probe placed in between (Figure 1c). In order to best
use the limited space available in the cell as well as to minimize
the pressure gradient, the wire was placed in the shape of
a circular ring of constant radius. The hot wire was a Ni wire,
∼40 mm in length and 0.1 mm in diameter (Figure 1b), which
was soldered to lead out wires of copper. The temperature of the
sample was measured by a chromel-alumel thermocouple
placed in between the sample plates. The thermocouple had
previously been calibrated to within (0.2 K of a commercially
calibrated diode sensor, which has an accuracy of 10 mK.
Another thermocouple, placed in the Teflon, was used for
differential thermal analysis. The Teflon cell was assembled
under dry argon gas to avoid reactions with oxygen and
decomposition at high temperatures. The Teflon cell was trans-
ferred into a piston-cylinder apparatus, which could be heated
to ∼540 K by an external heater or cooled to low temperatures

(∼100 K) using liquid nitrogen. The apparatus has a pressure
transmitting top piston and a support bottom piston with
electrical feedthroughs (Figure 1a). The electrical resistance
heater was controlled using a proportional-integral-derivative
(PID) controller control system, which kept the temperature
constant to within(0.5 K under quasi-isothermal experiments.
The pressure was generated by a hydraulic press and calculated
from load/area with an empirical correction for friction, which
hadbeen establishedusing the pressure dependenceof aManganin
wire. The maximum pressure inaccuracy was estimated as (40
MPa at 1 GPa, and the pressure gradient in the probed sample
volume, which is within a few millimeters from the hot-wire, is
significantly smaller. During the isobaric runs, the pressure was
kept to within (1 MPa using another PID controller.

To determine κ and Fcp, the electronics triggered a 1.4 s long
electric pulse of almost constant power, and the hot-wire’s
resistance was measured as a function of time. The temperature
rise of the wire was calculated by using its electrical resistance-
temperature relation; i.e., the wire acted as both heater and
sensor for the temperature rise. The analytical solution for the
temperature rise of the wire was fitted to 29 data points, and κ

and Fcp were thus determined. The inaccuracies were estimated
as (2% in κ and (5% in Fcp.

Differential Scanning Calorimetry (DSC). A Pyris Diamond
DSC equipped with intracooler was used for DSC measure-
ments. All the samples used for the DSC measurement were
pumped 24 h in a vacuum oven and encapsulated under a nitro-
gen atmosphere at room temperature to remove water and
oxygen. The samples were heated from 20 to 250 �C at scan rate
of 10 �C/min and held at 250 �C for 5 min to ensure that the
samples were melted before cooling. (However, as discussed
further in theDiscussion section, small crystallites may still have
remained and affected the crystallization behavior on cooling.)
Subsequently, the samples were cooled to 20 �C using the same
scan rate. The degree of crystallinity CDSC (mass fraction) was
calculated from heat of fusion using the total enthalpy method,
which yields22

CDSC ¼ ΔH=H100% � 100% ð1Þ
whereΔH is themelting enthalpy (J g-1) of nylon-6 andH100% is
the extrapolated value for the melting enthalpy of 100% R
crystalline nylon-6. Because of the polymorphic behavior of
nylon-6, several values of H100% have been reported in the
literature.23-25 Illers et al.24 reported a ΔH of 241 J g-1 for the
R crystalline form nylon-6, and this value was used here for the
calculations of CDSC.

Wide-Angle X-ray Diffraction (WAXD). WAXD was carried
out using a Siemens/Bruker D5000 diffractometer with Cu KR

Figure 1. Schematic plot of the high-pressure setup: (a) cross-sectional
plot of the Teflon cell mounted in the high-pressure cylinder; (b) top
view of the Teflon cell with a hot-wire; (c) side view of the Teflon cell; its
position in (a) is shown by the dashed square.
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radiation at an acceleration voltage of 40 kV and a tube current
of 30mA. The samples were scanned twice from 5� to 50� (2θ) at
scanning rate of 4�/min. The first scan was done on the as
recovered sample after the HP&HT treatment and the second
after the sample had been manually chopped into small grains.
The former WAXD spectra were used to determine preferred
pressure-induced crystalline orientation, and the latter were
used to determine the degree of crystallinity (mass fraction),
CWAXD, and crystallite size and perfection (CSP). CWAXD was
obtained from1

CWAXD ¼ Ac=ðAc þAaÞ � 100% ð2Þ
Ac andAa are the integral area of the crystalline and amorphous
peak intensities, respectively, which were obtained through fits
by Peakfit software.

CSP were determined by the Scherrer equation 1

CSP ¼ kλ=ðβ cos θÞ ð3Þ

where β is the width of the crystalline peak at 2θ, λ is the X-ray
wavelength, and k is a constant equal to 0.9 when β is the full
width at half-maximum.

Density Measurements. The nylon-6 samples were weighted,
and the volumes of samples were obtained by quickly immersing
these into water at 20 �C. Nylon-6 absorbs water with time but
only 1 wt % in 15 min.26 Thus, the quick procedure of less than
30 s prevented influence by water absorption, which was also
verified by ensuring that the weight increase of the sample after
the density measurements was negligible. The degree of crystal-
linity (mass fraction), CF, was determined from the equation27

Cr ¼ 1

rR
-
1

r

� �
=

1

rR
-

1

rc

� �
� 100% ð4Þ

where F is the measured density of nylon-6, FR is the density of
the amorphous phase (1.098 g cm-3),27 and Fc is the density of
crystalline nylon-6 (1.220 g cm-3).28,29

Viscosity-Average Molecular Weight,Mw, Measurement.Ny-
lon-6 85% formic acid (puriss, 98.0-100%, Sigma-Aldrich)
solutions were prepared with solute up to 0.5 g/100 mL for
falling-ball viscositymeasurements (Thermo ScientificHAAKE
falling ball viscometer type B with water bath, Grant Instru-
ments Ltd.). The viscosity-average Mw of nylon-6 was calcu-
lated from the Mark-Houwink equation:30

½η� ¼ KMw
a ð5Þ

where [η] is the intrinsic viscosity, Mw is the viscosity-average
molecular weight, and a and K are constants that depend on the
particular polymer-solvent system and the temperature.31

In 85% formic acid at 25 �C, a=0.82 and K=2.26 � 10-4

dL g-1.31 The intrinsic viscosity is equal to the reduced visco-
sity, ηreduced, extrapolated to zero solute concentration, and
ηreduced= (η - η0)/(cη0), where η is the dynamic viscosity of
the solution, η0 is the dynamic viscosity of the solvent, and c is
the solute concentration (g dL-1).1 The dynamic viscosities of
the solution and the solvent were obtained from the falling-ball
viscosity measurements.

Formic Acid Treatment. Nylon-6 samples that had been
subjected to HP&HT conditions were placed in formic acid-
water solutions of various concentrations to investigate dissolu-
tion and gel formation. Virgin nylon-6 dissolves easily in 85%
formic acid whereas cross-linked nylon-6 produces a gel, which
can be extracted to determine the cross-link density.32,33 Four
different concentrations (50%, 65.7%, 73.3%, 82.3%) of formic
acid (puriss, 98.0-100%, Sigma-Aldrich) were prepared by
dilution with deionized water for studies at room temperature.

High-Pressure High-Temperature (HP&HT) Treatment. As
described in the paper, we observe a transition near 500 K at
both 1 and 1.2 GPa, which caused significant and irreversible

changes of the nylon-6 properties. To differentiate between this
state and the initial, or virgin state, we refer to the former, which
was obtained by annealing for 4 h at 530 K and 1 or 1.2 GPa, as
1.0 and 1.2 (HP&HT) treated samples.

High-Temperature (HT) Annealing Experiment. A sample of
virgin nylon-6 was annealed in argon atmosphere at 493 K for
7 days in order to reach a similar degree of crystallinity as
the samples treated under HP&HT conditions. This sample
(HT annealed sample) was studied by Mw, DSC, and WAXD
measurements and by treatment in formic acid to assess the
influence of crystallinity and crystal size on the thermal stability
and dissolution properties and to compare the lamellae growth
at HT and 1 atm with that of the HP&HT samples.

Results

Hot-Wire Measurement of K and Gcp. The temperature
scans of nylon-6 were performed under isobaric conditions
for temperatures in the range 100-500K at 9 pressures up to
1.2GPa. In general, the sample was heated to above the glass
transition of nylon-6 before the measurements commenced
to avoid significant thermal history effects caused by pres-
surizing or depressurizing below the glass transition. Results
of κ and Fcp at isobaric conditions are shown in Figure 2.

As shown in Figure 2, κ is almost constant or weakly
increasing with temperature. Moreover, for the virgin sam-
ples, i.e., samples that had not been subjected to HP&HT
conditions (see Experimental Section for details) there is
a distinct change in dκ/dT above room temperature.
For example, dκ/dT changes from positive to negative near
410 K at 1 GPa, which is a typical behavior at glass transi-
tions in polymers as well as many other materials.34 This
result is also confirmed by the behavior of the simultaneously
measured data for Fcp. These show a (stretched weak)
sigmoidal increase, which is characteristic of a glass transi-
tion (Figure 2a,b). This feature was, however, occasionally
less distinct than that in κ, which is due to the better precision
in κ and that the temperature derivative of κ changes sign at
Tg. For that reason, we have used the values of κ(T ) to
establish Tg(p) of nylon-6.

The results for Tg(p) (Figure 3), extracted from the results
for κ(T), show the typically observed pressure-induced in-
crease, which levels off at high pressures. For comparison,we
have also plotted values of the melting temperature taken
from Gogolewski and Pennings.9 The values for Tg(p) are
described well by the empirical equation35

TgðpÞ ¼ T0 1þ b

a
p

� �1=b

ð6Þ

where a, b, andT0 are fitting parameters and p is the pressure
in GPa. The fit yielded T0=319.60 K, a=2.19 GPa, and
b=4.17. For comparison, DSC measurements at 1 bar on a
sample which had been quenched from the melt yieldedTg=
311.5 K (onset temperature3).

On heating at 1GPa, a transition occurred at 494K, which
caused the measurements to fail abruptly and the transfor-
mation could therefore not be monitored in the data. The
sample was heated to 530 K and held for 4 h without
measurements (HP&HT treatment) and thereafter cooled
to room temperature and recovered for further measure-
ments using a new hot-wire probe. These showed that the
HP&HT treatment had increased κ about 15%while Fcp had
decreased 7% at room temperature. Moreover, heating at
1 GPa showed that the glass transition features in both κ and
Fcp had vanished. That is, the distinct change in dκ/dT could
not be observed, and the slope of Fcp remained unchanged on
heating (Figure 2a,c), which was also the case in subsequent
measurements at other isobars.
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In order to establish the nature of the transformation, it
was studied by differential thermal analysis (DTA) during
heating at an average rate of 0.45 K/min to 540 K at 1 GPa
and then cooled at 0.5 K/min and recovered at 1 atm for
WAXD analysis, which showed that the crystallinity had
increased from37% to 42%.TheDTAdata, however, showed
no indication of an exothermic (or endothermic) transition.

In an experimentwith a different nylon-6 sample, which had
been synthesized by polymerization of ε-caprolactam (see
Experimental Section), we did succeed to monitor the transi-
tion in data for κ at 1 GPa and 530 K (Figure 4a). This sample
had slightly higher initial molecular weight than the purchased
nylon-6 sample. The results show that κ increases about 15%
slowlyduring 6h, i.e., about the same increase as for purchased
nylon-6, and a fit of an exponential function gave a time
constant of ∼3 h. WAXD analysis showed that the treatment
had increased the degree of crystallinity from 39% to 56%.

Figure 4b shows results for κ on pressurization at 298 K
both before and after the transformation caused by the
HP&HT treatment (1.0 GPa). The results of virgin nylon-6
exhibit a pressure-dependent increase up to 0.5GPa, which is
described to within (0.5% by the equation

Kvirgin ¼ 0:345þ 0:174p- 0:0727p2 ð7Þ

where p is the pressure inGPa (κ inWm-1K-1). The 1.0GPa
treated nylon-6 shows a similar tendency as virgin nylon-6,
but with a higher initial κ, and for pressures up to 0.5 GPa
this is described by

Ktreated ¼ 0:401þ 0:179p- 0:0421p2 ð8Þ
In another experiment of (virgin) nylon-6 at 1.2 GPa, a

similar transition was observed at ca. 492Kwhen the sample
was heated to 530 K. Also in this case the hot-wire probe
broke abruptly, and therefore no data were recorded. How-
ever, the sample was recovered for analysis of the structural
and property changes after a 4 h anneal at 530K and 1.2 GPa.

Figure 2. (a, b) Heat capacity per unit volume and (c) thermal con-
ductivity of nylon-6 measured on heating. The open symbols are for
virgin nylon-6 samples at (4) 0.07, (0) 1.0, and (O) 1.2GPa, whereas the
solid symbols are for 1.0 GPa HP&HT treated nylon-6 samples at (2)
0.07 and (9) 1.0 GPa. The inset in (a) shows the excess heat capacity per
unit volume, ΔFcp, for virgin nylon-6, which was calculated by sub-
tracting a linear function, fitted below 296 K, from the experimental
data. The dashed red lines in (a) and (b) represent linear fits of data
below the slope change of the curve. The red solid line in (c) shows a
range where the measurements were disturbed by a phase transition in
Teflon (sample cell), and the data were therefore omitted.

Figure 3. Glass transition temperature of virgin nylon-6 plotted against
pressure: (0) Tg obtained by the hotwire method; (b) Tg obtained by
DSC at atmospheric pressure. The dashed line represents a fit of eq 6.
Melting temperature plotted against pressure for virginnylon-6 fromref
9: (O) onset and (Δ) finish of melting.

Figure 4. (a) Thermal conductivity of a nylon-6 sample made by
polymerization of ε-caprolactam (see Experimental Section) plotted
against time at 1.0GPa and 530K. (The fractional increase of κ is about
the same as for the similarly treated purchased nylon-6 sample, but the
initial value is about 6% higher than for the purchased nylon-6.) (b)
Thermal conductivity of (purchased) nylon-6 onpressurization at 298K
before (O) and after (b) 1.0 GPa HP&HT treatment.
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Investigation of Cross-Link Properties by Formic Acid
Extraction. After HP&HT treatments, the samples were
immersed in formic acid to study gel formation, which
takes place if a sample is cross-linked.32,33 Even though the
samples exhibited different degree of stability in formic acid,
none showed gel formation. As shown in Table 1, both the
1.0 and 1.2 GPa treated samples dissolved in 82.3% formic
acid. The 1.0 GPa treated sample also dissolved in 73.3%
formic acid, whereas the 1.2 GPa treated sample only
partially dissolved. Neither the 1.0 nor the 1.2 GPa treated
sample could be completely dissolved in 65.7% formic acid.
The HT annealed sample (see Experimental Section) could
be dissolved in 73.3% formic acid but only partially dis-
solved in 65.7% formic acid. As a reference, a virgin sample
could be dissolved in 50% formic acid. The residual pieces of
the 1.2 GPa treated sample after the 73.3% formic acid
extraction (1.2 GPa AE sample) were collected for further
investigation.

Degree of Crystallinity, Structural Properties, and Transi-
tion Behavior by WAXD, DSC, and Density Measurements.
The monoclinic R structure of nylon-6 has two principal
diffraction peaks at 19.9� (R1) and 23.75� (R2), which are due
to the (200) and (002) þ (202) planes, respectively.8 (200)
are planes along the molecular chains but cutting through
hydrogen-bonded sheets. The (002) planes lie parallel to the
hydrogen-bonded sheets,where (202) is thediagonal plane.1The
γ structure has a principal diffraction peak at 22�.1 The amor-
phouspartofnylon-6gives abroaddiffusehalowithan intensity
maximum at ca. 22�.1

As shown in Figure 5, the virgin nylon-6 had the R crystal
structure with almost equal intensities for R1 and R2. In the
case of the 1.2 GPaHP&HT treated sample plate, which was
mounted with the axis of rotation in the same direction as
the applied pressure (Figure 5, top left), the intensity of
R2 increased significantly compared to R1. However, after
chopping the sample into small grains (Figure 5, top right),
the original WAXD spectrum was recovered. The spectrum
of the HT annealed nylon-6, which was in a granular form,
was equal to that for the virgin sample, but with a weaker
broad peak associated with the amorphous parts.

As tabulated in Table 2, the HP&HT treated samples
(both 1.0 and 1.2 GPa treated) achieved higher density than
a cast virgin nylon-6 sample. This also results in a higher
degree of crystallinity (CF), which was obtained by eq 4. The
analysis of the WAXD spectra, using eq 2, gave similar
results. The HP&HT treated samples showed higher degree
of crystallinity (CWAXD) in comparison with the virgin sample.
Moreover, the full width at half-maximum of the crystalline
peak of the HP&HT treated samples was narrower, which
corresponds to larger crystal sizes (eq 3) than for the other
samples. The HT annealed sample showed a large increase
of crystallinity, compared to the virgin sample, but smallest
crystal sizes among all the samples.

DSC was applied to establish the melting tempera-
ture (Tmelt), melting on-set temperature (Tonset), transition
enthalpy (ΔH), and crystallization temperature (Tcry) of the
nylon-6 samples. As shown in Figure 6, both virgin and

HP&HT treated nylon-6 exhibit an endothermic melting
peak at ca. 220 �C on heating, followed by an exothermic
crystallization dip at ca. 180 �C on cooling, but there is no
indication of a glass transition feature. The data from the
first and second heating and cooling runs, including heat of
fusion based crystallinity (CDSC), are listed in Tables 3 and 4.

The HP&HT treated samples showed higher Tmelt, Tonset

(∼11K), andΔH, i.e., alsoCDSC, on the first heating than the
virgin sample. On the first cooling run, the HP&HT treated
samples showed higher Tcry (∼13 K) compared to the virgin
and the HT annealed samples. Moreover, the 1.2 GPa
treated AE sample exhibited the highest Tmelt (∼11 K higher
than nylon-6), Tonset (∼17 K higher than nylon-6), and Tcry

(∼16 K higher than nylon-6) among the HP&HT treated
samples. In contrast, the HT annealed sample had slightly
higher Tmelt andΔH, similar Tcry, but lower Tonset compared
to virgin nylon-6.

On the second heating run (Table 4), Tmelt, Tonset, andΔH
of the HP&HT treated samples decreased compared to first
heating. The values forTmelt were only∼4Khigher than that
of virgin nylon-6, andΔH and Tonset were similar to those of
virgin nylon-6. However, Tcry remained almost unchanged,
i.e., significantly higher than for virgin nylon-6. The HT
annealed sample showed almost the same results as the virgin
material. This means that CDSC became essentially the same
for all samples after the first heating and cooling runs.

Molecular Weight (Mw) Measurements by Falling-Ball
Viscosimetry. As tabulated in Table 5, the viscosity-average
Mw of nylon-6 decreased after the HP&HT treatment with a
slight pressure-sensitive tendency. The 1.0 and 1.2 GPa
treated samples were reduced to 86% and 76%, respectively,
of their original values. The 1.2GPaAE sample obtained the

Figure 5. WAXD spectra of nylon-6 samples (from bottom to top): 1,
virgin nylon-6; 2, HT annealed nylon-6; 3, randomly arranged particles
of 1.2 GPa treated nylon-6 (inset at top right); 4, plate-shaped 1.2 GPa
treated nylon-6 (scanned as shown by the top-left image with the axis of
rotation in the same direction as the applied pressure). Scans are shifted
for clarity.

Table 2. Crystallinity (CWAXD andCG), Density, and Crystal Size and
Perfection (CSP) of Nylon-6 Samplesa

CSP

sample
CWAXD

(%)
density
(g/cm3)

CF
(%)

R1
(Å)

R2
(Å)

virgin 37 1.149 44 76.8 51.4
HT annealed 65 33.8 49.2
1.0 GPa treated 52 1.174 65 84.0 75.1
1.2 GPa treated 55 1.180 69 96.0 85.5
1.2 GPa treated AE 48 93.8 75.2

aThe high crystallinity of the HT annealed sample is partly software
related as the crystalline peaks were significantly broadened, and as a
consequence, a part of the broad amorphous peak was included in the
integral area of the crystalline peaks.

Table 1. Formic Acid Extraction Tests of Nylon-6 Samples after
Various Treatments (See Experimental Section for Details)a

virgin HT annealed
1.0 GPa
treated

1.2 GPa
treated

82.3% formic acid - D D D
73.3% formic acid - D D P
65.7% formic acid - P P P
50% formic acid D - - -

aD: dissolved; P: partly dissolved.
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lowest Mw of all samples, almost one-fifth of the original
value. For comparison, 7 days of annealing at 493 K
decreased the Mw to 90% of the original value.

Discussion

Glass Transition of Nylon-6 before and after HP&HT
Treatment. In comparison with many other amorphous

polymers, the glass transition temperature Tg of nylon-6 is
difficult to probe, especially at high pressures, which is partly
explained by the semicrystallinity of nylon-6. A three-phase
model of nylon-6 was recently suggested by Chen et al.,36

comprising crystalline, mobile amorphous, and rigid amor-
phous fractions. In this model, only a fraction of the amor-
phous parts become mobile at the glass transition, which
would further diminish the changes at Tg. This may explain
why it is difficult to determineTg of nylon. However, although
the effect of Tg is weak in data for κ, it is clearly detected.

In temperature scans of κ, shown in Figure 2, it is possible
to discriminate two ranges above room temperature with
about constant, but different, dκ/dT. The slope changes
rather abruptly from positive to negative on heating, e.g.,
at ca. 430 K at 1.2 GPa. The change is due to the increased
thermal expansivity at Tg and the correspondingly stronger
decrease of density aboveTg than below, which often yields a
maximum in κ at Tg.

34,37 The change in κ(T) generally agree
well with the change in the slope of the concurrently mea-
sured data for Fcp. Since the density decreases weakly with
temperature, the increase in Fcp is due to an increase of the
heat capacity. Heat capacity data normally show a more
distinct sigmoidal increase at Tg, but the weak change for
nylon-6 is consistent with the weak glass transition features
in other properties. The heat capacity step atTg is apparently
small and gradual for nylon-6. The result for the initial slope
of Tg obtained from eq 6, dTg/dp=126 K GPa-1, is in fair
agreement with the result of Utracki4 (107 K GPa-1). We
also note that the pressure-induced increase of the melting
temperature is stronger than that of Tg and, therefore, that
an extrapolation based on the change of the melting tem-
perature does not provide an accurate estimate of Tg at high
pressure.

Since Tg depends on the time scale of the measurements, it
is natural that the value of DSC measurements using a
heating rate of 10 K min-1 is lower than that of the hot-wire
measurements with a heating rate of∼150 Kmin-1 (heating
pulse of 3.5 K for 1.4 s; see Experimental Section). The
former gave Tg=311.5 K, whereas the value of the latter,
extrapolated to atmospheric pressure, is Tg=319.60 K, i.e.,
about 8Khigher,which is the difference typically observed.35,38

After HP&HT treatment, all the Tg features vanished,
which suggests that most of the configurational contribution
that contribute to the heat capacity increase at the glass
transitionwere lost. This implies an amorphous to crystalline
structural conversion during theHP&HT treatment and/or a
conversion of mobile to rigid amorphous fractions.36

Nature of the HP&HT Transformation. The transforma-
tion, which was detected at ∼494 K on heating in the 1-1.2
GPa range, proceeds slowly with time in data for κ, which
showed a time constant of ∼3 h at 530 K and 1 GPa for our
synthesized sample (Figure 4a).WAXDresults show that the
structure of the recovered HP&HT treated samples (R
structure) does not change but that the crystallinity increases
with annealing time above ∼500 K in the 1-1.2 GPa range.
We can therefore conclude that the transition is a sluggish
cold crystallization process. Crystallization becomes energe-
tically more favorable under pressure due to the reduction of

Figure 6. DSC traces of nylon-6. (a) First heating run (from bottom to
top): i, virgin; ii, HTannealed; iii, 1.0GPa treated; iv, 1.2GPa treated; v,
1.2 GPa treated AE. (b) First cooling run: the sequence and label of
spectra are the sameas in (a). Inset in (a) shows theDSC trace of nylon-6
after the DSC pan had been heated to 250 �C and quenched in liquid
nitrogen to obtain a highly amorphous phase. The results show the glass
transition (arrow) followed by cold crystallization near 65 �C. Scans are
shifted for clarity.

Table 3. Results of the First DSC Heating and Cooling Runs

sample ΔH (J/g) CDSC (%) Tmelt (�C) Tonset (�C) Tcry (�C)

virgin 56.8 24 222.9 210.9 178.2
HT annealed 80.3 33 226.3 201.5 177.3
1.0 GPa treated 124.8 52 230.6 222.7 191.0
1.2 GPa treated 142.4 59 232.8 225.6 191.4
1.2 GPa treated AE 130.7 54 234.0 228.0 194.0

Table 4. Results of the Second DSC Heating and Cooling Runsa

sample ΔH (J/g) CDSC (%) Tmelt (�C) Tonset (�C) Tcry (�C)

HT annealed 54.2 23 225.4 213.2 177.7
1.0 GPa treated 42.6 18 225.5 216.8 189.6
1.2 GPa treated 52.8 22 226.6 211.7 192.0
1.2 GPa treated AE 70.7 29 226.3 211.7 193.9

aThe results for virgin nylon-6 were identical during first and second
heating.

Table 5. Molecular Weight (Viscosity Average) and Intrinsic Visc-
osity of Nylon-6 Obtained from Falling-Ball ViscosityMeasurements

sample description Mw intrinsic viscosity (dL/g)

virgin 21 000 0.80
HT annealed 19 000 0.73
1.0 GPa treated 18 000 0.69
1.2 GPa treated 16 000 0.62
1.2 GPa treated AE 4 400 0.22
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volume. It is kinetically restrained at low temperatures, but
the temperature-induced increase of mobility makes it pos-
sible at∼500 K for nylon-6. This may be associated with the
increased mobility suggested at the subtle Brill transition,
which is observed at ∼170 �C (443 K) and 1 atm.39

The viscosity results of the recovered samples show that
the Mw of nylon-6 decreased after the HP&HT treatment;
i.e., the treatment caused chain scissoring. Since theMw of the
1.2 GPa treated AE sample decreased to 21% of the original
Mw, whereas the corresponding (average) value for the 1.2
GPa treated sample was 76%, we can conclude that this was
not a homogeneous process in the sample. Gogolewski10

reported that amide bonds were transamidated or broken at
adjacent lamellae duringHP&HT treatment of nylon-6 below
0.8GPa.Thiswas inferred from infrared spectroscopy and the
absorption in the range 3400-3500 cm-1 assigned to un-
bonded N-H groups. We cannot observe a similar change in
Raman and Fourier transform infrared spectroscopy (FTIR)
spectra measured here (see Supporting Information), but
since this has also been suggested for nylon samples at atmo-
spheric pressure and below 300 �C, it is most likely the origin
of the scissoring.40As the sample with the lowestMw still have
in average only four breaks per chain, it may explain why it
escapes detection in Raman and FTIR measurements.

The formic acid extraction tests showed that the nylon-6
had better acid resistance after the HP&HT treatment. A
similar tendency, but less pronounced, was also observed for
the HT annealed sample. The HP&HT treated samples are
characterized by a higher degree of crystallinity (Tables 2
and 3) and a lower Mw than virgin nylon-6 (Table 5). As
described quantitatively by the Ostwald-Freundlich equa-
tion,41,42 a crystalline sample is energetically more stable and
therefore less soluble than an amorphous counterpart. This
is in correspondence with the increase of crystal size during
the HP&HT treatment (Table 2). For the HT annealed
sample, the crystal size obtained from the WAXD data
decreased, which is probably due tomany new small lamellae
produced during annealing. But the annealing should also
have increased the size of other lamellae, which is indicated
by the DSC results. For the same reason as the dissolution is
dependent on crystal size, the shape of the DSC melting
endotherm is determined, at least partly, by the distribution
in lamella thickness.43,44 The melting peak of the HT an-
nealed sample shows a broad peak with a low onset tem-
perature due to many new thin lamella, but also an increase
of the peak melting temperature, due to an increase of
lamella thickness for some crystals. The most significant
increase of Tmelt is for the 1.2 GPa treated AE sample, which
also achieved the best formic acid resistance. We can con-
clude that the formic acid resistance improves for the
HP&HT treated samples and that this is consistent with
the observed increase of the lamella size.

Previous results15,16 have suggested that nylon-1010 be-
comes cross-linked by heating to 523 K at pressures in the
range 1.0-1.2 GPa. The results shown here indicate that a
similarHP&HT treatment for nylon-6 does not induce cross-
links although the sample was annealed for 4 h at about
500 K to allow for a possible sluggish cross-link process.
In particular, the lack of gel formation by HP&HT treated
nylon-6 in formic acid provides negative evidence. Further-
more, WAXD data show improved crystallinity after the
HP&HT treatment, whereas cross-linking typically de-
creases the crystallinity.

Crystal Structure, Degree of Crystallinity, and Orientation
of Nylon-6 Lamellae. It is perspicuous that the HP&HT
treatment improves the crystal structure and, as discussed
below, induces a preferred crystal orientation. During the

transformation, polymer chains pertaining to the amor-
phous parts folds into the R structure, and a significant
amorphous fraction converts to crystalline, which is shown
by the WAXD data. Gogolewski and Pennings9 have pre-
viously studied HP&HT treated nylon-6 and also found an
increased crystallinity and increased lamellae sizes at pres-
sures below 0.8 GPa. Moreover, they observed similar, but
less pronounced, changes in the R1 and R2 peak heights of
the WAXD spectra but provided no explanation for these
changes.

The general tendency of an increased degree of crystal-
linity with increasing pressure for theHP&HT treatment is in
good agreement between the different analyses based on
WAXD, density, and DSC data (Figure 7). These results
taken together show that the crystallinity of nylon-6 in-
creases about 25%, from ∼35% to 60% (average values),
by the 1.2GPa treatment. The increase of crystallinity for the
HP&HT treated samples may occur both in the fully amor-
phous parts, i.e., growth of new lamellae, and at the bound-
aries of lamellae, which increases the lamellae sizes. The
increased melting temperature, sharp melting endotherm,
and improved formic acid resistance favor the latter, or at
least that the process results in enlarged lamella sizes with a
narrow distribution. This deduction is in good agreement
with the CSP results shown in Figure 7. The CSP data show
that the crystal sizes increase systematically with increasing
pressure of theHP&HT treatment.Moreover, the calculated
crystal sizes are larger than that of the HT annealed sample.
Apparently, the HP&HT lamella growth process is signifi-
cantly different from that occurring at atmospheric pressure
HT annealing. The latter gives a wide distribution of lamella
sizes with many new thin lamellae, which is shown by the
broad melting endotherm with a low onset temperature. The
growth of many new small sized lamellae explains the
decrease of the crystal size obtained in the CSP analysis.

As shown by theWAXD spectra (Figure 5), the intensities
of R2 and R1 peaks were about the same for virgin and HT
annealed samples, whereas R2 increased to 3 times the size of
R1 after the 1.2GPa treatment. But after theHP&HT treated
sample had been chopped to ensure random orientation of
the crystals, the R2 and R1 peaks again exhibited similar
intensities. This shows that the lamellar growth must have a
preferred direction during the HP&HT treatment and that
the crystal planes causing the R2 peak become parallel to the
sample plate (see inset of Figure 5), which is not the case for

Figure 7. Degree of crystallinity of nylon-6 samples obtained from (4)
CF, (0) CWAXD, and (O) CDSC. Crystal size and perfection CSP of
nylon-6 samples obtained from WAXD measurement: (9) and (2)
represent the CSP calculated from the R1 and R2 peaks, respectively.
The lines are plotted to guide the eye.
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the HT sample. A similar effect has been observed for nylon-
6 subjected to shear forces, e.g., in die compression with
uniaxial flow.45 This treatment caused the chain axis to align
in the direction of flow, and the hydrogen-bonded sheets, i.e.,
the (002) planes, slip and become oriented with the sheets
perpendicular to the compression direction, which increased
the R2 peak while the R1 peak diminished when the sample
was scanned in the same manner as done here. Thus, we find
that HP&HT treatment in a piston-cylinder device causes
the hydrogen-bonded sheets and, therefore also, the polymer
chains to become preferably oriented parallel with the sam-
ple plate surface, i.e., perpendicular to the applied load. Since
the nylon-6 lamellae consist of hydrogen-bonded sheets of
folded polymer chains stacked upon one another, it follows
that the treatment promotes folding within the plane per-
pendicular to the applied load. But due to the absence of
(uniaxial) flow during the treatment here, the chains of
different lamellae would be randomly oriented within this
plan. Moreover, since the R1 peak remained unaffected, it
presumably means that the existing lamellae did not reorient
by the treatment.

Thermal Stability of the HP&HT Produced State. The
DSC results show that the 1.2 GPa treated AE sample had
the highestTmelt and the sharpest melting peak. As discussed
above, this behavior is likely due to larger lamellae with a
narrow distribution of sizes, which result in improved ther-
mal stability as well as better acid resistance. After melting,
these differences between the HP&HT treated and virgin
samples essentially vanished, but a difference in crystalliza-
tion temperature still remained.

At the second heating and cooling runs, Tmelt of the
HP&HT treated samples had decreased to about the same
as virgin nylon-6, whereas Tcry was more than 10 K higher.
When a polymer sample is cooled, the crystallization process
is initially controlled by their nucleation rate, which typically
decreases with increasing temperature well above Tg. How-
ever, fragments of micro- or submicroscopic crystalline
structures may persist in a melt for long time, referred to as
crystalline memory, and on cooling these serve as nuclei,
thereby promoting the crystallization process. Since we have
already concluded that the HP&HT treatment produced
lamellae with improved stability, it is not surprising that
crystalline domains persisted in the melt and caused a higher
Tcry on cooling.37

Effect of the Pressure-Induced Structural Changes on K and
Gcp. As generally observed for polymers, κ of nylon-6 in-
creases on isothermal pressurization. This is a reversible
change where the lattice elastically deforms and the volume
decreases while the phonon frequency and velocity increase.
At room temperature, the volume of nylon-6 decreases 3.6%
up to 0.19 GPa, which corresponds to a decrease of the
intermolecular distance of ∼1.3%.4 Simultaneously, κ in-
creases 9%, which yields a density dependence of κ of g=2.5,
where g= (∂ ln κ)/(∂ ln F). This is in the range of about 2-6
observed previously for semicrystalline polymers.46 More-
over, the 29% increase of κ up to 1.0 GPa (eq 7) is in fair
agreement with the previously reported 40% increase.6

During the HP&HT treatment, the structure changes
irreversibly when the lamella size increases and new lamellae
grow while the average chain length decreases about 15%.
The latter is slightly detrimental for the heat transport
whereas the more ordered structure with a preferred lamella
orientation promotes the heat transport. (If κ of nylon-6
varies with Mw in the same manner as for molten linear
polyethylene,47 we deduce that the decrease of Mw estab-
lished here would cause a less than 3%decrease of κ.)We can
conclude that κ of nylon-6 increases ∼15% as a result of a

crystallinity increase from 35% to 55% and a preferred
crystal orientation, which was caused by the HP&HT treat-
ment at 1 GPa. This seems as a rather moderate increase of κ
considering the 20% increase of crystallinity. Apparently,
the large thermal resistivity due to amorphous domains in
between the lamellae limits the decrease of resistivity, in a
similar manner as a large resistance does in a series coupling
of resistances.

The decrease of Fcp caused by theHP&HT transformation
is due to a decrease of cp, which surmounts the simultaneous
increase of F. The amorphous to crystalline transformation
accounts for the decrease as a crystalline lamella has lower cp
than an amorphous counterpart above Tg. The difference
diminishes below Tg due to the loss of the configurational
heat capacity for the (mobile) amorphous fractions. The
remaining difference must be due to the change in the
vibrational part of the heat capacity upon crystallization,
which may also include fractions that do not crystallize
because of interaction between lamellae and the amor-
phous interlamella regions. As a result, Fcp decreases ∼7%
at room temperature because of the HP&HT treatment at
1.0 GPa.

Conclusions

The pressure-induced change of the glass transition tempera-
ture of nylon-6 has been established by simultaneous measure-
ments of thermal conductivity and heat capacity. The change was
ascertained by observations of a maximum in the thermal
conductivity and a (weak) sigmoidal heat capacity increase,
which are typical glass transition features.

A transformation observed at ∼494 K on heating at 1.2 GPa
(and 1 GPa) is due to cold crystallization. After subsequent
annealing for 4 h at∼530K, the degree of crystallinity of nylon-6
had increased from 35% to as much as 60%, and the glass
transition features had vanished. This treatment increases the
lamella regions through growth of lamellae in a preferred direc-
tion, which likely occurred through chain folding in a plane
perpendicular to the applied load. Concurrently, the chain length
decreased slightly through chain scissoring. This result is different
from previous results for nylon-1010, which has been found to
have cross-links after a similar treatment.15,16

The new and more ordered state of nylon-6, in which the
lamellae are larger and have a preferred orientation, has better
thermal stability and formic acid resistance. It also has about
15% higher thermal conductivity than the virgin state. But
considering the large increase of the crystallinity, the thermal
conductivity enhancement is probably limited by a large thermal
resistance in the amorphous interlamella regions. For the purpose
of achieving better thermal conductivity it is probably necessary
to reduce the interlamella resistance.
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