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ARTICLE INFO ABSTRACT

Keywords: Fast scanning chip calorimetry (FSC) was used to prepare isothermally crystallized samples of polyamide 66 (PA
Polyamide 66 66) in a wide range of temperatures between 70 and 230 °C for subsequent analysis of the semicrystalline
Crystallization morphology by X-ray diffraction, polarized-light optical microscopy and atomic force microscopy. At high
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crystallization temperatures stable triclinic a-crystals of lamellar shape, organized within a spherulitic super-
structure are formed. At low crystallization temperatures, in contrast, the less stable pseudohexagonal y-crystal
structure/mesophase develops. The mesophase of PA 66, which forms at temperatures close to the glass tran-
sition, is of grainy, non-lamellar habit, and not organized within spherulites. The formation of such qualitatively
different semicrystalline morphologies of PA 66 is suggested to be caused by different densities of crystal nu-
cleation, supported by observation of a bimodal temperature-dependence of the crystallization rate. The ex-
perimental findings reported in this work are important to allow tailoring of the microstructure of PA 66 by
variation of the conditions of processing as well as contribute to the ongoing research about crystal nucleation in

polymers.

1. Introduction

Polyamide 66 (PA 66) is an important engineering thermoplastic
material used in a variety of markets ranging from automotive, sporting
goods, aerospace, and fiber industry [1-3]. It is an attractive polymer
for many applications because it is a tough, strong, durable material
with excellent chemical and temperature resistance, and good wear
properties [4]. As in case of all polymeric materials, many of these
properties depend on the semicrystalline structure [5-8], and therefore
much effort has been undertaken exploring the relation between the
conditions of solidification, the resulting microstructure and the prop-
erties of this material [9-11]. Focus of the present study is the eva-
luation of microstructure/semicrystalline morphology of PA 66 forming
at different condition of solidification the supercooled melt, with em-
phasis placed on the analysis of the crystal polymorphism, the forma-
tion of a higher-order superstructure, and the crystal morphology.

PA 66 forms multiple/different crystal polymorphs whose devel-
opment is dependent on the conditions of crystallization [12-18]. With
regard to crystallization of the quiescent melt, there has been reported
formation of either a-crystals or y-mesophase. In the more stable a-
crystals, which develop on slow cooling of the quiescent melt or at
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rather high temperature, the molecules arrange in a triclinic unit cell.
The methylene units adopt a planar zigzag conformation and the hy-
drogen bonds, which connect the amide groups between neighbored
chain segments, show a sheet-like planar arrangement [12]. On heating,
the a-form transforms at the Brill transition temperature into its high-
temperature a’-modification with a pseudohexagonal unit cell [19,20].
The transition is reversible, that is, the a’-phase converts on cooling
into the a-phase, and cannot be observed at room temperature. In the
pseudohexagonal y-mesophase, a non-planar arrangement of hydrogen
bonds is suggested [13]. It develops upon quenching of the melt [13],
and is only metastable at the temperature of formation and lower
temperatures, as on heating the y-mesophase converts irreversibly into
o’/a-crystals [21].

The transition of the melt into o/a‘-crystals on slow cooling/high
temperature is connected with the formation of lamellae and spher-
ulites [22-25]. Details of the morphology and superstructure of the y-
mesophase of PA 66, and their exact conditions of formation, however,
are completely unknown to date. In case of PA 6 and PA 11, which
exhibit a similar crystal/mesophase polymorphism controlled by the
cooling rate/supercooling as PA 66 [26-30], the mesophase is of non-
lamellar habit and not spatially organized in a higher-order
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superstructure [31-33]. In the present study, we attempt proving that
PA 66 shows a similar dependence of the semicrystalline morphology
on the condition of melt-crystallization as observed before for PA 6 and
PA 11. It is, however, worthwhile noting that analysis of the crystal-
lization behavior at high supercooling of the melt, at temperatures close
to the glass transition, is complicated since crystallization often begins
before the system reaches the target analysis temperature. Outpacing
these kinetics requires application of high cooling rates, much higher
than in conventional differential scanning calorimetry (DSC), which
assures absence of crystallization at low supercooling of the melt. With
the use of fast scanning chip calorimetry (FSC) it is possible to transfer
the equilibrium melt to any temperature, allowing analysis of the iso-
thermal crystallization kinetics starting with a supercooled melt free of
crystals [34,35]. In addition, samples subjected to well-defined crys-
tallization-histories in an FSC can then be used for structural analyses
including atomic force microscopy (AFM) [31], polarized-light optical
microscopy (POM) [36], or X-ray diffraction (XRD) [37,38]. In the
present study, that approach is applied for PA 66 in order to provide for
this important polymer structure information after solidification of the
supercooled melt at temperatures close to the glass transition tem-
perature. It was discovered that two maxima in crystallization rate were
observed around 160 and 115 °C. The high temperature crystallization
was found to produce the stable triclinic a-crystal, whereas the low
temperature crystallization produced the pseudohexagonal y-meso-
phase. Around 110-120 °C there was a transition from the spherulitic
structure to non-spherulitic structure at low and high supercooling,
respectively. These information can then be used to intentionally pro-
duce in an efficient and predictable way different semicrystalline
morphologies, by modification of processing routes, with the final aim
of tailoring properties. As prominent examples for demonstration of
structure-property relations, it was shown early for the specific case of
PA 66, that mechanical properties are largely controlled by the size of
spherulites [39] or, investigated on PA 6, that Young’s modulus and the
hardness of the a-crystals are about twice than that of the y-mesophase
[40].

2. Experimental
2.1. Material

The material used in this study was Zytel 101 from DuPont (USA). It
is an un-lubricated and unmodified general-purpose molding-viscosity
PA 66 grade [41], selected in this study to ensure that no additives are
present which would affect the crystallization process. The number-
average molar mass of this polymer is around 17-18 kDa [42]. The
material was delivered in form of dry pellets, which were cut using a
rotary microtome equipped with a tungsten carbide blade to obtain thin
sections. Their thickness and lateral dimension, with the latter adjusted
using a scalpel and a stereomicroscope, were 12 and about 50 pm, re-
spectively, for FSC analysis of the crystallization kinetics, and 20 and
about 300 pm for FSC preparation of samples for AFM, POM and XRD.

2.2. Instrumentation

2.2.1. Fast scanning chip calorimetry (FSC)

FSC analysis allowed for thermal preconditioning of the samples
prior to XRD, POM and AFM analyses. Furthermore, FSC was used to
obtain information about the temperature-dependence of the iso-
thermal crystallization rate of the specific PA 66 grade employed in this
study. Measurements of the crystallization kinetics were done using two
Flash DSC 1 devices from Mettler-Toledo. Both instruments were op-
erated in conjunction with a Huber TC100 intracooler, and the sensor/
sample environment was purged with nitrogen gas using a flow rate of
35 mL/min to prevent sample degradation and icing of the equipment.
According to the recommendation of the instrument provider, the FSC
sensors were conditioned and temperature-corrected before loading of a
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sample. When using the FSC for thermal preconditioning of samples, in
case of XRD and POM analyses, all measurements were performed on a
single sample. In other words, the sample attached to the sensor was
removed from the FSC after a specific thermal treatment, analyzed re-
garding its structure, and then re-inserted into the FSC to impose the
next thermal history. Only in case of the AFM analyses, sensors needed
to be destroyed for optimum sample preparation.

2.2.2. X-ray diffraction (XRD)

XRD measurements of the preconditioned FSC samples were per-
formed using a Rigaku DMAX-Rapid II diffractometer equipped with a
Cu X-ray tube and a graphite monochromator. Analyses were done in
transmission mode, and the scattered X-rays were recorded using a
curved image plate coated with photo-stimulable phosphor (BaF
(Br,]):Eu®")The beam diameter and exposure time were 300 um and
600 s, respectively. The 2D XRD patterns were azimuthally integrated
to yield the intensity distribution as a function of the scattering angle
20, followed by subtraction of an XRD curve obtained on an empty FSC
chip.

2.2.3. Polarized-light optical microscopy (POM)

POM images of FSC samples subjected to a specific crystallization
history were obtained using a Leica DMRX microscope operated in re-
flection mode and with the sample placed between crossed polarizers.
Images were captured using a Motic 2300 CCD camera and imaging
software.

2.2.4. Atomic force microscopy (AFM)

AFM measurements were performed using a Bruker Dimension Icon.
Samples were conditioned isothermally on the FSC chip before rapid
cooling to room temperature. The sensor/membrane was then fractured
away from the ceramic frame in order to transfer the sample to a
stainless steel specimen disc using double-sided adhesive tape.
PeakForce tapping imaging mode was used with a ScanAsyst Air Probe
(0.4 N/m spring constant). Image analysis was done using Nanoscope
Analysis software.

3. Results and discussion

Fig. 1 shows FSC crystallization curves, heat-flow rate as a function
of time, recorded at temperatures between 220 °C (front curve) and
75 °C (back curve), after the sample was cooled from 300 °C at a rate of
2000 K/s to the crystallization temperature. Inspection of the peak-time
of crystallization reveals, as expected, a bimodal temperature-depen-
dence of the crystallization rate, similar as has been observed recently
on a different PA 66 grade [44]. Upon investigating isothermal crys-
tallization temperatures, the peak-time of crystallization decreases due

Crystallization time (s)

Fig. 1. Set of FSC curves, heat-flow rate as a function of time, obtained during isothermal
crystallization of PA 66 (Zytel 101) at temperatures between 220 °C (front curve) and
75 °C (back curve). The temperature-difference between two neighbored curves is 2.5 K.
Exothermic heat flow is upward directed.
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Fig. 2. Peak-time of isothermal crystallization of PA 66 (Zytel 101) as a function of the
crystallization temperature. Dark- and light-gray symbols refer to measurements per-
formed using different instruments, while the different symbols represent the use of
samples of different mass between about 50 and 1000 ng.

to the increasing thermodynamic driving force for the phase transition
until a maximum rate of crystallization is observed at 160 °C. Further
reduction of the temperature causes the rate to slightly increases due to
constraints related to decreasing mobility of molecular segments. At
increasingly lower temperature, however, there is observed a second
peak-time minimum at 115 °C, which for many polymers [34-36] has
been associated with a drastic increase of the nucleation rate when
homogeneous nucleation becomes dominant at temperatures close to
the glass transition.

Quantitative peak-time data are shown in Fig. 2 as a function of the
crystallization temperature, with the dark and light gray symbols re-
ferring to measurements, which were performed using two different
FSC instruments, for the sake of checking the reproducibility. Crystal-
lization-rate maxima, presumably related to heterogeneous and
homogeneous nucleation are observed at about 160 and 115 °C, re-
spectively, with the corresponding characteristic crystallization times
being around 0.3 s in both cases. The transition from pre-dominant
heterogeneous nucleation at high temperature, to pre-dominant
homogeneous nucleation at low temperature occurs at around 130 °C.
The isothermal crystallization time of PA 66 has previously been stu-
died by FSC analysis [44], and the analysis here confirms the findings.
While for PA 6, PA 11, iPP, or PBT, information about the semi-
crystalline morphology formed on crystallization at low temperatures
and about the change of the nucleation mechanism on variation of the
crystallization temperature are available [31-37], for PA 66 such data
are still lacking. Therefore, in order to assess the effect of the crystal-
lization temperature on structure formation, assuring absence of crys-
tallization on the approach of the crystallization temperature, FSC with
its high cooling capacity has been used to prepare samples, which then
are analyzed by XRD, POM and AFM, shown below.

Fig. 3 is a plot of XRD curves of samples of PA 66 which were iso-
thermally crystallized for 200 s in the FSC after cooling the melt from
300 °C to different crystallization temperatures between 70 and 230 °C
at a rate of 800 K/s, as is indicated to the right of the various curves.
Note that compared to the FSC measurement of characteristic crystal-
lization times (Figs. 1 and 2) the cooling rate was lower (800 instead of
2000 K/s) in order to account for the higher sample mass which is
advantageous for X-ray analyses since increasing the S/N-ratio. Fur-
thermore, a crystallization time of 200s is considered sufficient to
complete primary crystallization according to the crystallization peak-
times data shown in Fig. 2.

The data of Fig. 3 reveal the expectation that on crystallization at
high temperature there is formation of a-structure, which is indicated
with the detection of the characteristic diffraction peaks labeled al and
a2 at 20.3 and 23.7 deg 20, associated to the (100) and (010)/(110)
lattice planes of the triclinic unit cell [12,45]. With decreasing
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Fig. 3. XRD patterns of amorphous PA 66 (Zytel 101) (bottom curve) and PA 66 which
was isothermally crystallized at temperatures (T.) between 70 and 230 °C, as is indicated
at the right-hand side of the curves.

crystallization temperature, the distance between the al and a2 dif-
fraction peaks decreases, indicating loss of crystal perfection [46], that
is, loss of perfect, sheet-like alignment of hydrogen bonds between
neighbored chain segments. The change of the dimensions of the unit
cell in cross-chain direction seems gradual, and in samples crystallized
at temperatures lower than about 130 °C the al and a2 peaks are
strongly overlapping and difficult to distinguish. At temperatures lower
than 120 °C only the 100 peak of the pseudohexagonal y-mesophase of
PA 66 is detected at about 21.4 deg 26 [13]. The lowermost XRD scan in
Fig. 3 was obtained on a sample continuously cooled at a rate of 800 K/
s to room temperature, which led to suppression of crystallization. As
such, it reveals scattering of the amorphous phase only and confirms
with the position of the maximum of the halo at about 20.2 deg 26 that
the peak in the XRD scans of samples crystallized between 70 and
110 °C indeed is due to formation of an ordered phase.

In order to obtain information about the superstructure formed by
the ordered phase within in the amorphous matrix, samples iso-
thermally crystallized in the FSC have been imaged by polarized-light
optical microscopy in reflection mode. Fig. 4 provides with the images
in the top row an overview about the effect of the crystallization tem-
perature on the POM-structure, revealing that crystallization between
120 and 200 °C leads to a bright appearance of the sample due to dis-
tinct birefringence; even spherulites of different size can be detected. It
appears that the nuclei density increases with decreasing temperature
in particular in samples crystallized below 130 °C as then individual
spherulites cannot be identified anymore, though the sample is still
appearing bright. Only if the crystallization temperature is lower than
120 °C then the samples appear featureless and apparently do not show
birefringence. The two enlarged photographs below the top row of
images show the typical microstructure of samples crystallized at high
(left image) and low (right image) supercooling of the melt, resembling
earlier studies of the POM-structure of both, samples isothermally
crystallized at different temperatures in an FSC [37], or film samples
crystallized at largely different supercooling [32,47-49]. In none of the
investigated samples of iPP, PA 6, PA 11, or PBT, crystallization at high
supercooling is connected with the formation of spherulites, as the
nuclei density is too high for growth of micrometer-size birefringent
objects.

Information about the nanometer-scale structure of samples crys-
tallized at largely different supercooling, finally, was obtained by AFM.
As in case of XRD and POM analyses, samples were crystallized in the
FSC in order to ensure isothermal crystallization conditions. After the
isothermal crystallization step, the samples were rapidly cooled to room
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temperature, and then the FSC membrane together with the sample was
prepared on AFM steel mounting disks using adhesive pads. The images
in Fig. 5 are AFM height- and error-mode contrast images of the surface
of PA 66 samples, which were crystallized at 70 and 200 °C. The figures
in the left column display samples crystallized at 70 °C, and the figures
in the right column display samples crystallized at 200 °C. The top row
images were formed using height mode imaging in the AFM, and the
bottom row images show error mode imaging. These samples were
prepared multiple times in order to confirm consistency in the micro-
structure. The sample crystallized at 70 °C required additional repeated
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Fig. 4. POM micrographs of samples of PA 66 (Zytel 101)
isothermally melt-crystallized at the indicated temperatures
(top row). The large images were obtained on samples crys-
tallized at 70 (left) and 160 °C (right).

180 200°C

160°C

Fig. 5. AFM images of samples of PA 66 (Zytel 101)
isothermally melt-crystallized at 70 °C (left) and
200 °C (right). Top row images show height mode
scans, and bottom row images show error mode
scans. An insert of the 200 °C sample at lower mag-
nification is included to display the spherulitic
structure formed at low supercooling.

imaging attempts due to surface artefacts obscuring the surface struc-
ture. Visual inspection of the images reveals qualitatively different
nanometer-scale structures of PA 66 formed on crystallization at low
and high supercooling. The right images shows several spherulites with
a diameter of few micrometers, to be recognized by their centers of
symmetry. The striations along the radius point to formation of laterally
extended lamellae, which is related to the rather low nucleation density
and available volume for growth. Crystallization at high supercooling,
in contrast, is not connected with spherulitic growth of lamellae as the
left image in Fig. 5 shows with the bright spots particle-like domains
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with a size of perhaps 10-20 nm. The obviously spatially non-orga-
nized/independent growth of these domains supports the notion that
each of these domains was a former crystal nucleus, and that the nu-
cleation density on crystallization at high supercooling of the melt is
several orders of magnitude higher than on crystallization at low melt-
supercooling. From the XRD data of Fig. 3 it is concluded that these
domains represent the y-mesophase of PA 66, while the spherulitically
grown lamellae in the right image represent/possess a-structure.

4. Conclusions

Information about the semicrystalline morphology of PA 66 iso-
thermally forming at high supercooling of the melt is not available to
date. This lack of knowledge is caused by difficulties in transferring the
relaxed-melt state to low temperatures without crystallization during
the cooling step/approach of the crystallization temperature; in prior
work it has been quantified for PA 66 that cooling at rates of several
hundred K/s is required to assure absence of crystallization during
cooling [44]. In order to perform well-defined isothermal crystal-
lization experiments in a wide range of temperatures between 70 and
230 °C, FSC with its high cooling capacity has been employed for both
analysis of crystallization rates as well as preparation of samples for
subsequent analysis of the semicrystalline morphology by XRD, POM,
and AFM. The crystallization rate of PA 66 shows a bimodal distribution
versus temperature, with two distinct maxima observed at around 160
and 115 °C. Structure analyses revealed that at relatively high crystal-
lization temperatures stable triclinic a-crystals form, which are laterally
extended, and arranged in a spherulitic superstructure. In contrast, at
low crystallization temperatures, around the low-temperature crystal-
lization-rate maximum, the less stable pseudohexagonal vy-crystal me-
sophase develops, which is of non-lamellar, particle-like shape and not
growing spherulitically. The independently grown mesophase domains
suggest that the nucleation density at high supercooling of the melt is
distinctly higher than at low supercooling of the melt; note that the
distance between two neighbored crystal nuclei on crystallization at
low and high supercooling of the melt is of the order of magnitude of
several micrometer and few ten nanometer, respectively. In particular
POM analysis of FSC samples crystallized at different temperatures
leads to the suggestion that the transition from the spherulitic to the
non-spherulitic semicrystalline morphology, developing at low and
high supercooling of the melt, respectively, occurs in a rather narrow
temperature range around 110-120 °C but not gradual. This points to a
qualitative change of the mechanism of crystal nucleation, namely from
heterogeneous nucleation at high temperature to homogeneous nu-
cleation at low temperature, and explains the occurrence of two dis-
tinctly separated crystallization-rate maxima at different temperatures.
The experimental observations reported in this study we consider im-
portant to allow tailoring of the microstructure and therefore of prop-
erties of PA 66 by variation of the processing conditions.
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