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bstract

The crystallization and melting behavior of polypropylene (PP), polyoxymethylene (POM) and polyamide-6 (PA6) has been investigated by
eans of varying the cooling and heating rates using a high performance differential scanning calorimeter (HPer DSC). The influence of the sample
ass and scan rate on thermal lag has been sorted out and the importance of making proper corrections is stressed. By varying the cooling rates from
to 250 ◦C/min in combination with one particular heating rate (10 and 300 ◦C/min have been used) reorganization and especially recrystallization

ffects in a PP sample have been examined. Recrystallization of the PP can be avoided by using a high heating rate (300 ◦C/min). The influence
f incorporating a stabilizer acting as a comonomer in the POM chain on the kinetics of the crystallization and melting behavior is studied. The
nfluence of the maximum heating temperature in the melt on crystallization of POM and of POM with stabilizer is investigated by self-seeding
xperiments using high heating and cooling rates. Furthermore, the melting behavior of PA6, where several transitions take place during heating
hich are up to now not fully understood, is discussed subsequent to cooling at 5–300 ◦C/min. Throughout it has been made clear that it is important
o have the capability of applying proper combinations of low/high and cooling/heating rates in order to examine the metastability of polymer
ystems and the related kinetics of transitions, to scrutinize the phenomena seen and to arrive at the right explanations.

2007 Geert Vanden Poel. Published by Elsevier B.V. All rights reserved.
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. Introduction

.1. Metastability

All steps: the constitution of a polymer during polymeriza-
ion, the subsequent processing and addition of additives or
ther materials, and the establishing of the final shape of the
roduct, strongly influence crystallization and morphology of a
rystallizable material on a nano- to micrometer scale level with
mplications for the look, feel, mechanical and other properties

f a product on a macro-scale. During these steps many changes
ccur with respect to the morphology, which transformations
re related to the intrinsic metastability of polymer materials:
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hatever their history, they are susceptible to change as func-
ion of temperature and time, mechanical treatment, etc. Besides
he importance for product development as sketched, the scien-
ific aspects of metastability and the kinetics related are very
ntriguing. As metastability has appreciable implications for the
hermal properties of a polymer system and, vice versa, ther-

al analysis and calorimetry on polymers provide insight in the
inetics of phenomena related to metastability it is worthwhile
o study metastability in detail by dynamic calorimetry. For that
eason, the present report discusses the use of low- to high-
peed DSC for the study of the metastability present in some
ell-known polymers – polypropylene (PP), polyoxymethylene

POM) and polyamide 6 (PA6) – with a special focus on cooling
nd subsequent heating at a variety of scan rates.
As has been remarked, investigation of polymer solidification
uring cooling by vitrification or crystallization under process-
ng conditions is a necessary step in order to understand, e.g. the
nal polymer product properties. Especially for crystallizable

. All rights reserved.
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olymers the analysis of the relationships between processing
onditions and morphology of the sample obtained is crucial in
aterial characterization. The effective cooling rate during pro-

essing – which will in general be different for different parts
core, skin, etc.) of the processed product, e.g. by injection mold-
ng – has a dominating influence on the sample morphology and
nd properties.

In addition to understanding of crystallization by cooling it
s of great fundamental interest to understand and interpret DSC
eating curves with respect to thermal history and morphology.
his is relevant for PP and POM because of the occurrence
f reorganization and recrystallization during heating, but it is
specially important in the case of polymorphous polymers like
A6, for which cold crystallization and multiple melting are
ommonly observed in DSC heating curves.

.2. High performance DSC (HPer DSC)

A relatively new version of high-speed calorimetry technol-
gy, high performance DSC (HPer DSC; see www.scite.eu),
as recently been discussed for practical use and since then
arketed by Perkin-Elmer under the name HyperDSCTM, see
ww.hyperdsc.com. Mathot et al. published the detailed char-

cteristics and use of this new mode of measurement, which
epresents a major step forward in high-speed calorimetry as
ompared to Standard DSC [1–3]. Controlled and constant
can rates of hundreds of degrees per minute and combina-
ions thereof both in cooling and heating are enabled. Heats
f transition, heat capacities, temperature-dependent crystallini-
ies, etc., can be established at the extreme rates applied. The
hort measuring times also enable the high throughput needed
n combinatorial chemistry.

Application fields concerning HPer DSC are situated in
he study of the kinetics and metastability of macromolecu-
ar and pharmaceutical systems, particularly in the analysis
f rate-dependent phenomena at real temperature–time condi-
ions. HPer DSC is very much suited to investigate kinetics
f processes like crystallization, cold crystallization, recrystal-
ization, annealing, and solid-state transformations in polymers,
harmaceuticals and liquid crystals. (Sub)milligram amounts of
aterial can be investigated at controlled cooling and heating

ates of hundreds of degrees per minute, which facilitates the
nalysis of films, expensive and extraordinary products, inhomo-
eneities in materials, etc. High cooling rates need to be applied
o simulate processing conditions like in film blow molding,
njection molding and extrusion. It turns out that for most pro-
essing techniques the cooling rate can be mimicked by HPer
SC. Measurements concerning metastability and kinetics of

ystems under study are also necessary to be able to (re)connect
eating behavior with cooling history.

This article discusses the crystallization and melting behavior
f several polymer materials studied by HPer DSC. System-
tic studies by combining various cooling and heating rates,

ach of them strictly controlled by the HPer DSC, improve the
nderstanding of the kinetics of processes like phase transitions,
old crystallization, recrystallization, and other reorganization
ffects in polymer materials.

H
f
t
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. Experimental

.1. Experimental technique

Measurements were performed with a modified Perkin-Elmer
yris 1 calorimeter having software version 9.0. This power-
ompensation DSC was selected to be used as an HPer DSC
ecause its furnace has low mass and small dimensions, ensuring
much faster heat transfer than in existing commercial heat-
ux calorimeters. The small gap between the furnace and the
luminum cooling system, which is even reduced by guard ring
nserts, promotes effective cooling. The HPer DSC was cooled
o a temperature of −178 ◦C with a cryofill liquid nitrogen cool-
ng system, which provides a very effective heat sink. Special
ttention was paid to the avoidance of water uptake by the gas
ubes in the instrument; to the cooling of the instrument elec-
ronics; and to the prevention of water vapor condensation. To
revent moisture in the system, a completely air-sealed glove
ox was installed on top of the HPer DSC. Dry nitrogen gas was
sed to purge the glove box. The choice of the gas atmosphere
urrounding the reference and sample furnaces depends on the
pecific system and on the temperature range to be studied. In
ost cases, a mixture of 10% helium and 90% neon is suited

or a combination of a temperature range of −176 to 585 ◦C and
ypical controlled, constant scan rates as high as 500 ◦C/min for
he heating mode and 300 ◦C/min for the cooling mode (or even
igher within a limited temperature range). Both inert gases do
ot condense under cooling by liquid nitrogen. With regard to
he heat conduction to and from the reference and sample fur-
aces (the Pyris 1 DSC system features two small furnaces), the
ixture offers a useful compromise [1,4]. Pure helium is in itself

n excellent heat conductor and can be used to maximize heat
ransfer, which offers benefits in measurements down to very low
subambient) temperatures. However, when it comes to reaching
igh temperatures, the furnace will be a limiting factor, because
he helium causes too much heat loss so that the furnace can no
onger control the temperature beyond the ceiling level of about
00 ◦C. Neon [5] conducts heat less well (but better than nitro-
en), and enables temperature control in the higher ranges. It is
ven possible to use standard nitrogen as long as it is prevented
rom condensing as a result of the presence of liquid nitrogen
ooling. Default isothermal waiting times between runs amount
o 5 min, although this time can be shortened to, e.g. 1 min. To
romote optimal thermal contact between the sample and the
ample container, a 15 �m thick, rectangular aluminum foil of
pproximately 0.5 cm × 1 cm is normally used to wrap the sam-
le, instead of using a pan as sample container. On the reference
older an aluminum foil of the same dimensions and wrapped
n the same way is placed. If a lower accuracy is acceptable, it
s also possible to use aluminum pans.

.2. Temperature calibration
In this article, an extensive temperature calibration of the
Per DSC has been applied in both heating and cooling mode

or various sample masses and various rates according to
he recommendations described in a previous article [2]. The

http://www.scite.eu/
http://www.hyperdsc.com/
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orrect way to perform temperature calibration for the HPer
SC starts with a calibration as usual over a wide temperature

ange, with primary standards that are selected on the basis of
heir phase transition temperatures situated in the temperature
ange of interest. Adamantane, gallium, benzophenone, indium
nd tin have been used as primary standards to calibrate the
erkin-Elmer Pyris 1 in the heating mode for the temperature
ange from −150 up to 350 ◦C. The sample masses of these
alibration substances were chosen in between 0.99 and 1.01 mg
ith an applied heating rate, Sh, of 10 ◦C/min.
Subsequent to the calibration of the HPer DSC two calibra-

ion matrices, one concerning the extrapolated onset and another
oncerning the peak temperature were constructed for various
ample masses and for all heating rates applied. These values
an be used to correct for the thermal lag of the extrapolated
nset and the peak temperature of an HPer DSC curve, resulting
rom a measurement where a sample with a certain mass, m, has
een scanned at a chosen heating rate, Sh, and also in case of a
hosen cooling rate, Sc, see further on. Applying the right cor-
ection factor(s) is the only way to compare in a proper way the
ransition temperatures of a particular sample measured at var-
ous heating rates. It is important to understand that correcting
he shape of the entire HPer DSC curve along the temperature
xis is of no use because the thermal lag of each part of the curve
epends in fact on the heat flow rate of that specific part, which
s influenced by the amount of molecules taking part in the tran-
ition (like e.g. crystallization, melting, etc.) and in addition the
ample mass and applied heating rate. Therefore, up to now no
orrections have been made concerning the shape of the HPer
SC curves.
A separate calibration in the cooling mode is not necessary

or the HPer DSC instrument used because the symmetry with
espect to the cooling and heating modes is checked and found
o be good [2].

. Results and discussion

.1. Polypropylene (PP)

.1.1. Introduction
Polypropylene has been studied extensively and up-to-date

nformation concerning molecular structure, processing, crys-
allization, melting and resulting morphology can be found in
everal textbooks [6–8,26].

Polypropylene is a thermoplastic polymer, which can be
rocessed by means of virtually all thermoplastic-processing
ethods. It is used in a wide variety of applications, includ-

ng food packaging, textiles, laboratory equipment, automotive
omponents, and banknotes. As an addition polymer made from
he monomer propylene, it is exceptionally resistant to many
hemical solvents, bases and acids and also offers excellent elec-
rical resistance. PP has very good resistance to fatigue, so that

ost plastic living hinges, such as those on flip-top bottles, are

ade from this material.
Most commercial PPs have a level of crystallinity intermedi-

te between that of low density polyethylene (LDPE) and high
ensity polyethylene (HDPE); their Young’s moduli are also

e
i
c
P
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ntermediate. Although it is less tough than LDPE, it is much
ess brittle than HDPE. This allows PP to be used increasingly
s a replacement for engineering plastics, such as ABS. Inter-
sting developments in this respect take place with respect to
ight-weight composites, by e.g. combining high-strength PP
bers in a PP matrix. Also for recycling reasons, current trends

n the automotive sector are towards the development of ‘all-PP’
lastic parts.

PP usually melts around 160 ◦C. Food containers made from
t will not melt in the dishwasher, and do not melt during indus-
rial hot filling processes. For this reason, most plastic tubs for
airy products are made of PP sealed with aluminum foil (both
eat-resistant materials).

Tacticity is an important structure parameter for understand-
ng the link between molecular architecture and properties of
P. The orientation of each methyl group relative to the methyl
roups of neighboring monomers has a strong effect on the poly-
er’s ability to form crystals, because each methyl group takes

p space while it constrains backbone bending.
Unlike most other vinyl polymers, useful PP grades have not

een synthesized so far by radical polymerization. The material
hat results from such a process has methyl groups arranged
andomly, leading to so-called atactic PP. The lack of abil-
ty to develop any long-range order prevents crystallinity in
uch a material, resulting in amorphous material with very little
trength and few redeeming qualities.

A Ziegler–Natta catalyst is able to confine incoming
onomers to a specific orientation, only adding them to the

olymer chain if they face a right direction. Most commercially
vailable PPs are made with titanium chloride catalysts, which
roduce predominantly isotactic PP. With the methyl group con-
istently on one side, segments of such molecules tend to turn
nto a helical shape; during subsequent cooling these helices can
ine up next to one another to form crystals that give commercial
P its strength.

More precisely engineered “Kaminsky” catalysts have been
roduced, which offer a much better level of control than
iegler–Natta catalysts. Based on metallocene molecules, these
atalysts use organic groups to control the monomers being
dded, so that properly chosen catalysts can produce isotactic,
yndiotactic, or atactic PP, or even a combination of these. They
lso produce higher molar masses than traditional catalysts do,
hich can lead to further improvements of properties.

.1.2. Results and discussion
To start with, specific heat capacity measurements (cp) on

he PP sample under investigation (melt flow rate at 230 ◦C and
.16 kg = 2.0 g/10 min; density = 905 kg/m3; medium isotactic-
ty; broad molecular weight distribution), have been performed
t a heating rate of 10 ◦C/min, using a Standard DSC. It illus-
rates that HPer DSC is not meant to replace Standard DSC, but
hould be seen as a complementary capability for researchers
o apply both low and high heating rates, even using the same

quipment. The heat capacity measurements were done accord-
ng to the “continuous measuring method” [9]. Fig. 1 presents
p measurements (using a Standard Perkin-Elmer DSC 7) of the
P in the cooling and the heating mode at a rate of 10 ◦C/min.
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influence of increased nucleation and growth rates at increasing
supercoolings), it could well be that also the temperature gradi-
ent within the sample is increasingly playing a role, see further
on.
Fig. 1. Heat capacity measurements (a), and calculation of enthalpy (b) and c

n the figure, the cp of PP is plotted as a function of tempera-
ure together with the heat capacity reference curves for 100%
morphous and 100% crystalline PP [10]. The enthalpies and
rystallinities as function of temperature are additionally calcu-
ated [9] for this PP sample and plotted respectively in Fig. 1b
nd c, and it is seen that the crystallinity at low temperatures of
he PP sample studied amounts to approximately 53%. Specific
nthalpy cooling and heating curves hcc and hc respectively for
PP based on DSC-7 continuous heat capacity measurements

nd the reference curves hc and ha from ATHAS databank are
resented in Fig. 1b. The enthalpy-based mass percentage crys-
allinity curves for cooling Wccc and heating Wchc are shown in
ig. 1c.

The crystallization and melting behavior of PP has been
nvestigated further using various cooling and heating rates. The
ooling curves at various rates, from 5 up to 250 ◦C/min are plot-
ed as a function of the temperature in Fig. 2, which curves are
ot corrected for the cooling rate. The curves, and by that the
nset and peak temperatures, shift towards lower temperatures
ith increasing cooling rates as expected. The enthalpy of crys-
allization decreases with increasing cooling rate and by that
lso the crystallinity. The lowest cooling rates induce a rather
arrow crystallization peak, while the highest cooling rates pro-
oke broad crystallization curves. Though this broadening could

F
r

linity (c) curves in both cooling and heating at 10 ◦C/min for polypropylene.

e explained by the fast cooling rate overruling the increased
verall crystallization rate (which is the result of the combined
ig. 2. Crystallization of PP at various cooling rates, not corrected for the cooling
ate.
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Fig. 3. Crystallization peak temperatures of PP samples having different masses
as a function of cooling rate. Filled symbols: Tc values without correction. Open
symbols: Tc values corrected for the sample mass and for the cooling rate applied.
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Fig. 4. (Left) HPer DSC heating curves of PP at (a) 10 ◦C/min and (b) corrected
Characteristic temperatures (see text), corrected for sample mass, cooling rate and he
chimica Acta 461 (2007) 107–121 111

The crystallization peak temperatures of PP samples having
hree different sample masses (m = 0.094, 0.579 and 1.023 mg)
s a function of the cooling rate, Sc, are shown in Fig. 3. With
ncreased, controlled cooling rates from 5 to 250 ◦C/min, the
ncorrected crystallization peak temperatures of the PPs show
decrease of the crystallization temperatures of about maxi-
al 30 ◦C. The ‘real’ crystallization peak temperatures of PP,

.e. the Tc values corrected for sample mass and cooling rate
ccording to Table IV in Ref. [2], drop only maximal 25 ◦C.
ontrolled cooling rates of 300 ◦C/min can be achieved for sam-
les with a very low mass (e.g. 0.094 mg), see the same figure.
he uncorrected Tc values for the 1.023 mg sample are located
omewhat beneath those of the 0.579 mg sample, especially at
igher cooling rates. After applying the correction factor for
eak temperature values, the Tc values of both samples coincide
egardless of the sample mass. This result indicates the sam-
le mass dependency and the importance to choose the right
ample mass when using high cooling rates. One should care-
ully indicate the cooling history of the reported crystallization

emperatures of polymers, and when comparing different crys-
allization temperatures, determined by various cooling rates,
ne has to take at least some correction factors (CFEO and/or
FP [2]) into account.

curves at 300 ◦C/min, subsequent to cooling rates at 5–250 ◦C/min. (Right)
ating rate.



1 ermochimica Acta 461 (2007) 107–121

i
c
r
m
i
s
(
i
m

t
r
o
l
c
s
n

p
5
i
b
t
s
t
i
–
u

o
3
5
e
r
T
t
t
h

p
t
m
t
o
g
i
t
p
t
1
w
c
d
i
a
c

F
3
(

h
r
s
m

5
(
r
i
f
h
1
r
t

12 G. Vanden Poel, V.B.F. Mathot / Th

Thus, it is clear from the foregoing that corrections are needed
n order to compare different temperature values obtained by
hanging the sample mass and various cooling and/or heating
ates. For some experiments it is best to use different sample
asses: e.g. a low sample mass, 0.1 mg, for very high cool-

ng/heating rates (300 up to 500 ◦C/min) and a rather standard
ample mass of about 1 mg for moderate cooling/heating rates
up to 150 ◦C/min). If the rates are not too far apart, exper-
ments can be performed using just one, well-chosen sample

ass simplifying the use of the correction factors.
Interesting enough, it is seen in Fig. 3 that the decreasing crys-

allization temperatures seems to level off at the highest cooling
ates, which is quite unexpected, but also observed recently by
thers [11]. However, the decrease of Tc is still linear with the
ogarithmic of the increasing cooling rate, Sc. Nevertheless, it
ould indicate an increasing difficulty of the instrument with
ample and container to realize the good thermal conductivities
eeded.

HPer DSC is capable to mimic the cooling rates of most
rocessing techniques, like for instance rotation molding (about
up to 50 ◦C/min); extrusion (about 100 ◦C/min); the core of

njection molding (about 50 up to 250 ◦C/min), etc.: all values
eing strongly dependent on the product dimensions (especially
he thicknesses of its cross sections; the distances from core to
kin, etc.) and the way of cooling by the mold. If there is a need
o relate the properties of the (thin, outer part of a) skin of an
njection molded product to the cooling rate exerted by the mold

in case of a very low mold-wall temperature – calorimetry
sing chip-technology [12–22] could be applied in addition.

Fig. 4 represents at the left-hand side HPer DSC curves
f the PP melting at heating rates of 10 ◦C/min (Fig. 4a) and
00 ◦C/min (Fig. 4b) after applying controlled cooling rates from
up to 250 ◦C/min. The HPer DSC curves are corrected for the

xtrapolated onset values according to Table III in [2]. At the
ight-hand side, the characteristic peak temperature values – Tc,
m, Tm1 (the low-temperature melting peak), and Tm2 (the high-

emperature melting peak) – of PP are plotted as a function of
he cooling rate, all corrected for sample mass, cooling rate and
eating rate.

When no reorganization takes place, one expects the melting
eak temperature to follow more or less the crystallization peak
emperature with increasing preceding cooling rate. The lowest

elting temperature, Tm1, in Fig. 4a however, follows the crys-
allization temperature only to a limited extent: the less lowering
f Tm1 compared to Tc is thought to be caused by extensive reor-
anization during heating, leading to increased perfection and/or
ncrease in crystallite dimensions. The second, highest melting
emperature, Tm2, remains more or less constant with increased
receding cooling rate, indicating it is caused by reorganiza-
ion via recrystallization during the relatively slow heating at
0 ◦C/min. Such a second melting temperature typically arises
hen the applied heating rate is roughly lower than the pre-

eding cooling rate used. Fig. 4b shows only one melting peak

uring fast heating at 300 ◦C/min after various preceding cool-
ng rates and Tm follows the crystallization temperature again to
limited extent. In this case, the applied heating rate is for all

ases equal to or higher than the cooling rate used. The rather

c
i
r
r

ig. 5. The melting peak temperatures of PP at heating rates of 1, 5, 20, 150 and
00 ◦C/min subsequent to cooling at various rates (from 5 up to 300 ◦C/min):
a) uncorrected and (b) corrected for heating rate and sample mass.

igh heating rate makes it possible to prevent reorganization by
ecrystallization, but it is not high enough to prevent the exten-
ive reorganization effects during the melting, causing the lowest
elting peak temperature to be higher than expected.
The melting peak temperatures of PP at heating rates of 1,

, 20, 150 and 300 ◦C/min subsequent to various cooling rates
from 5 up to 300 ◦C/min) are presented in Fig. 5. Without cor-
ection it is impossible to give a clear explanation of the results
n Fig. 5a because different sample masses are used: 0.094 mg
or the sample heated at 300 ◦C/min, 0.579 mg for the sample
eated at 150 ◦C/min and 1.023 mg for the samples heated at
, 5 and 20 ◦C/min. After correction according to the heating
ate and sample mass (using the correction factors for the peak
emperature, CFP, in [2]) Fig. 5b presents the ‘real’ data, which

an now be compared with each other. As is seen, two melt-
ng peak temperatures (Tm1 and Tm2) are recorded for heating
ates up to 5 ◦C/min. Heating at 20 ◦C/min partly suppresses
ecrystallization after cooling at rates up to 50 ◦C/min. From 40
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nwards to 300 ◦C/min one single melting peak results, reflect-
ng total suppression of recrystallization after all cooling rates
pplied. Tm2, reflecting melting of very stable crystals after
ecrystallization at the respective heating rate, is remarkably
onstant at low heating rates, irrespective of the preceding cool-
ng rate. Because of the decreasing crystallization temperatures
ith increasing cooling rates, it reflects recrystallization in case

ast cooling is followed by slow heating. In such cases, know-
ng already that these recrystallization effects can be avoided by
pplying high heating rates (Sh ≥ 40 ◦C/min) the question still
emains whether the extensive reorganization effects influencing
he lowest melting peak can be hindered by high heating rates.
s is seen, Tm1 and Tm follow the crystallization temperature
ith increasing cooling rate only partly indicating that extensive

eorganization still takes place during heating. Thus, though it
s evident that the higher the heating rate, the more the reor-
anization is hindered, obviously, a much higher heating rate
s needed to fully prevent these reorganization effects for PP,
nd by that to (re)connect the melting with the crystallization
ehavior.

.2. Polyoxymethylene (POM)

.2.1. Introduction
Polyoxymethylene is a polymer with a well-known thermal

ehavior, which has been studied extensively. Relevant informa-
ion concerning molecular structure, processing, crystallization,

elting and resulting morphology can be found in several papers
nd textbooks [23–27].

Polyoxymethylene, also known as acetal resin, polytrioxane,
olyformaldehyde, and paraformaldehyde, is an engineering
lastic used to make gears, bushings and other mechanical
arts. It is sold under the trade names Delrin®, Celcon®, and
ltraform®, the last two being copolymers. Its chemical formula

s ( O CH2 )n .
To make a polyoxymethylene homopolymer, anhydrous

ormaldehyde must be generated. The principal method is by
eaction of aqueous formaldehyde with an alcohol to create

hemiformal, dehydration of the hemiformal/water mixture
either by extraction or vacuum distillation) and release of the
ormaldehyde by heating the hemiformal. The formaldehyde is
hen polymerized by anionic catalysis while the resulting poly-
er is stabilized by reaction with acetic anhydride.
To make a polyoxymethylene copolymer, formaldehyde is

enerally converted to trioxane. This is done by acid catalysis
either sulfuric acid or acidic ion exchange resins) and con-
urrent removal of the trioxane by distillation or extraction.
he trioxane is then dried to remove all water and other active
ydrogen containing impurities.

The comonomer is typically dioxolane but ethylene oxide can
lso be used. Dioxolane is formed by reaction of ethylene glycol
ith a formaldehyde source (trioxane or concentrated aqueous

ormaldehyde) over an acid catalyst. Other diols can also be

sed.

The stable polymer is melt compounded, adding thermal and
xidative stabilizers and optionally lubricants and miscellaneous
llers.
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Automotive applications of acetal homopolymer resins
nclude fuel-system and seat-belt components, steering columns,
indow-support brackets, and handles. Typical plumbing appli-

ations that have replaced brass or zinc components are shower
eads, faucet cartridges, and various fittings. Consumer items
nclude quality toys, garden sprayers, stereo cassette parts,
utane lighter bodies, zippers, and telephone components.
ndustrial applications of acetal homopolymer include cou-
lings, pump impellers, conveyor plates, gears, sprockets, and
prings.

Industrial and automotive applications of acetal copolymer
nclude gears, cams, bushings, clips, lugs, door handles, window
ranks, housings, and seat-belt components. Plumbing products
uch as valves, valve stems, pumps, faucets, and impellers uti-
ize the lubricity and corrosion and hot-water resistance of the
opolymer. Mechanical components that require dimensional
tability, such as watch gears, conveyor links, aerosols, and
echanical pen and pencil parts, are other uses. Parts that require

mproved load-bearing stability at elevated temperatures, such
s cams, gears, TV tuner arms, and automotive underhood com-
onents are molded from glass-fiber-reinforced grades.

.2.2. Results and discussion
Neat POM and POM’s containing various amounts of stabi-

izer – 1.4, 3.4, 4.5 and 5.4 mass% of dioxalane – which latter
POM-modified samples” were obtained after several recrys-
allization cycles in solution, have been characterized by HPer
SC. The melting and crystallization behavior of the samples
ere investigated using various cooling and heating rates. The
eat flow rates of neat POM and of a POM-modified sample
ontaining 5.4 mass% of dioxalane cooled at rates varying from
to 300 ◦C/min are plotted as a function of the temperature

n Fig. 6a and b. The curves, and by that the onset and peak
emperatures, shift towards lower temperatures with increasing
ooling rates as expected. The sample mass has been kept low,
n between 0.4 and 0.7 mg, because the subsequent heating rate
as 150 ◦C/min (the resulting heating curves are presented in
ig 8). For such low sample masses all cooling curves show a
ood quality (signal-to-noise ratio), even those measured at low
ates like for Sc = 5 and 10 ◦C/min, which reflects the good per-
ormance of the HPer DSC used. When – like in the present case
a sample is exposed to manifold temperature–time ramps, con-

isting of various cooling and heating rates without refreshing
n between, it has to be checked whether possibly degradation
f the sample occurred. This is done by performing and com-
aring measurements in duplicate and by deciding whether the
eviation(s) found – if there are any – are acceptable. For the
easurements in Fig. 6a and b the check has been performed by

rogramming the last measurement in duplicate of the first one
y cooling at 150 ◦C/min, and the deviation seen was judged to
e acceptable.

At first sight, there is only one crystallization exotherm
resent in the cooling curves. However, when the cooling rate

s increased, in addition a second, small exotherm is observed
t lower temperatures, which shifts from approximately 90 ◦C
o approximately 80 ◦C. This intriguing small crystallization
eak has not been ascribed in literature yet, but an analogous
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ig. 6. HPer DSC cooling curves at various cooling rates of (a) neat POM and
b) POM modified with 5.4 mass% dioxalane.

henomenon has been seen in almost all ethylene-based
olymers, see e.g. Fig. 5.6 in [9].

Fig. 7 represents the crystallization peak temperatures as a
unction of the cooling rate of neat POM and of POM-modified
amples containing respectively 1.4, 3.4, 4.5 and 5.4 mass% of
ioxalane. For all cooling rates measured, the crystallization
emperature decreases when the stabilizer content increases,

eaning that the stabilizer disturbs the polymer chain while
rystallizing: it behaves like a comonomer excluded from the
rystallites. At zero and constant dioxalane content, similar to
he crystallization behavior of PP, the crystallization tempera-
ures of all samples decrease with increasing cooling rate. The
ncorrected Tc values found for the POM and the POM-modified
amples drop approximately 19 ◦C by changing the cooling rate
rom 5 to 250 ◦C/min (Fig. 7a). The corrected Tc values – correc-
ions have been made for the sample mass and the cooling rate
ccording to the procedure in Table IV of Ref. [2] – drop only

◦ ◦
2 C at increasing cooling rate from 5 to 250 C/min (Fig. 7b).
he drops of the crystallization temperatures are seen to be inde-
endent of the amount of dioxalane added. The characteristic
rystallization temperatures, like the Tc values as measured here

e
d
a
t

aining 1.4, 3.4, 4.5 and 5.4 mass% of dioxalane, as a function of the cooling
ate: (a) uncorrected values and (b) values corrected for cooling rate and the
ample mass.

sing HPer DSC, are very useful for industrial daily practice,
ecause they mimic real crystallization temperatures under pro-
essing conditions like in case of rotation molding, extrusion,
njection molding, etc.

The HPer DSC heating curves of the neat POM and of POM-
odified samples, at a rate of 150 ◦C/min subsequent to cooling

t various rates, show just one melting peak. For all samples,
he melting peak temperature, Tm, values, see Fig. 8a, follow
c to some extent only at low preceding cooling rates, which
eans that extensive reorganization still occurs like in the PP

ase. Similar to the crystallization behavior, the stabilizers in the
OM-modified samples result in a general decrease of the melt-

ng temperatures compared with neat POM. The melting peak
emperature depressions are even much stronger than the crys-
allization peak temperature depressions, approximately double
gures are found when comparing Figs. 7b and 8a. In Fig. 8b the

xperimental results – corrected for 150 C/min by a constant
ownward shift of 5 ◦C – can be fitted linearly when plotted on
logarithmic scale. The more stabilizer is added the lower are

he slopes of the straight lines.



G. Vanden Poel, V.B.F. Mathot / Thermochimica Acta 461 (2007) 107–121 115

Fig. 8. Melting peak temperatures of neat POM and POM samples containing
1.4, 3.4, 4.5 and 5.4 mass% of dioxalane at a heating rate of 150 ◦C/min after
various cooling rates (from 5 to 300 ◦C/min): (a) uncorrected data and (b) data
(
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Fig. 9. Melting peak temperatures of a POM sample containing 5.4 mass% of
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t
3 min at 200 ◦C, after which the sample is cooled at a rate of
on a logarithmic scale) corrected for the heating rate; the sample mass has been
ept constant at 1 mg.

The uncorrected melting peak temperatures as obtained
y HPer DSC measurements on the POM sample contain-
ng 5.4 mass% of stabilizer at heating rates of 10, 150
nd 300 ◦C/min after different cooling rates (from 5 up to
50 ◦C/min) are shown in Fig. 9a. The Tm values show a depen-
ency on the applied heating rate: faster heating leads to higher
m values, as result of the thermal lag originated by the thermal
esistance within the sample, the instrument and the thermal con-
act between sample container (aluminum foil) and instrument.

Fig. 9b shows the crystallization and melting peak temper-
tures resulting after correction for the applied cooling and
eating rates respectively, and for their sample masses. Use has
een made of the indium temperature calibration matrix pre-
iously determined (Table IV in Ref. [2]). After correction for

he thermal lags, the Tm values almost coincide, though the Tm
alues of the sample heated at 300 ◦C/min are systematically
ocated slightly above those of the samples heated at 10 and

1
s
t

ioxalane at heating rates of 10, 150 and 300 ◦C/min after various cooling rates
from 5 to 250 ◦C/min): (a) uncorrected and (b) corrected for heating rate and
ample mass.

50 ◦C/min (especially for low preceding cooling rates). This
esult seems to indicate that at high rates superheating takes
lace [35]. The Tc values (corrected for the cooling rate and
ample mass) also come close to each other.

The appreciable corrections seen by comparing Fig. 9a and b
how the importance of proper temperature calibration, and the
ecessity to arrive at a correct interpretation of thermal analysis
ata obtained at a variety of cooling rates, heating rates and sam-
le masses. Of course this is crucial while HPer DSC becomes
n indispensable analysis technique in industry in order to study
olymer materials under processing conditions.

Self-seeding experiments have been performed to chart the
oundaries for crystallization from the melt at high rates for
oth neat POM and the POM-modified sample with 5.4 mass%
ioxalane. The self-seeding experiment starts with erasing the
hermal history of the semicrystalline polymer by keeping it for
50 ◦C/min to a temperature of 0 ◦C, followed by heating the
ample at 150 ◦C/min towards a so-called “maximum tempera-
ure in the melt”, Ts, where it is hold for 3 min Then the sample
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s cooled again at 150 ◦C/min towards 0 ◦C and reheated into the
elt (up to 200 ◦C) where the sample stays again 3 min to erase

he thermal history. Subsequently, the maximum heating temper-
ture, Ts, is lowered by successive steps through the (isotropic)
elting region of the semicrystalline polymer. Three different

omains can be assigned to three different temperature intervals:

Domain I is the (high) temperature interval where the thermal
history is effectively erased and complete melting is realized.
Domain II or “the self-seeding region” is the (intermediate)
temperature interval where Ts is high enough to melt the mate-
rial almost completely, but low enough to leave tiny crystal
remains capable of acting as nuclei.
Domain III is the (low) temperature interval where Ts is that
low that only part of the crystals formed earlier is able to melt,
which gives rise to both self-seeding by and annealing of the
remaining crystals.

In literature self-seeding (or self-nucleation) is already men-
ioned by Blundell et al. [28], where the authors conclude that
rystallization can be effectively influenced by self-seeding. The
eeding technique not only reveals the existence of reminiscent
uclei but also enables the extension of crystallization stud-
es to higher temperatures than before. Self-seeding increases
he nucleation density, present in the sample as resulting from
olymerization and possible subsequent processing, to a great
xtent by heating up the material within the self-seeding tem-
erature interval (domain II or III) where crystal residues are
apable to act as nuclei in subsequent cooling, which results in
rystallization temperatures higher than without self-seeding (as
ould be the case after cooling from domain I). The influence
f the maximum heating temperature in the melt on crystalliza-
ion by DSC for various polyamides (PA6, PA6.6 and PA4.6)
as been investigated by Mathot [29]. Under chosen conditions,
he crystallization start- and peak temperatures increased when
hanging the highest temperature in the melt prior to cooling:
p to about 30 ◦C above the normal end melting temperature,
he crystallization behavior of polyamide 6 was influenced by
he maximum temperature in the melt chosen. For polyamide
.6 this was about 15 ◦C, and for polyamide 4.6 a few degrees.
xtensive self-seeding experiments on polymer melts have been
erformed by Fillon et al. [30–32] using dynamic DSC.

The application of high heating and cooling rates with HPer
SC is very rewarding for performing self-seeding experiments
ecause the measuring time and especially the time spent in the
elt region is shortened, by which thermal degradation, chem-

cal reactions in the melt, etc., are avoided or at least delayed.
herefore, using HPer DSC for the study of polymers properties
s related to the temperature/time in the melt offers an advantage
ver Standard DSC.

Fig. 10 represents the melting peak temperatures: Tm,POM and
m,last,POM; Tm,5.4% and Tm,last,5.4%; and the crystallization peak

emperatures: Tc1,POM, Tc2,POM, Tc1,last,POM and Tc2,last,POM;

c1,5.4%, Tc2,5.4%, Tc1,last,5.4%, Tc2,last,5.4%, where “POM” and the

ndex “5.4%” reflects the neat POM and the POM-modified sam-
le with 5.4 mass% dioxalane, respectively. The indices 1 and
reflect the high-temperature crystallization peak temperature

t
m
2
t

emperature crystallization peak temperature, respectively. The index “last”
eflects the repetition of the first experiment, which is performed after all other
xperiments.

nd the minor low-temperature crystallization peak temperature,
espectively. The index “last” reflects the repetition of the first
xperiment, which is performed after all other experiments. All
elting and crystallization temperatures of the POM-modified

ample with 5.4 mass% dioxalane are 5–10 ◦C lower than those
f the neat POM, which is expected regarding Figs. 6 and 8.
or POM, by lowering the maximum temperature in the melt,
s, prior to cooling, it is seen that Tc1 increases for Ts = 180 ◦C,
hich is concluded to be the start of self-seeding according to
omain I. For POM-modified with 5.4 mass% dioxalane, Tc1,
omain I is situated below Ts = 166 ◦C. Domain III starts for
eat POM at Ts = 170 ◦C for POM and for POM-modified with
.4 mass% dioxalane at Ts = 158 ◦C.

It is remarkable that for both samples the minor low-
emperature crystallization peak temperature Tc2 is not
nfluenced by the self-seeding behavior of the first, highest crys-
allization peak temperature: Tc2 is still present and remains even
onstant when the highest temperatures in the melt are taken so
ow that Tc1 already has been vanished. After a Ts of respectively
60 ◦C for POM and 150 ◦C for POM-modified with 5.4 mass%
ioxalane the minor low-temperature crystallization peak tem-
erature Tc2 suddenly decreases. As the origin of this minor
eak is not clear at all, no attention has been paid to explain this
ehavior.

The curves resulting from the measurements coded with
last” are hardly different from those from the first experiments,

hough the melting peak temperatures from the “last” experi-

ents, Tm,last,POM and Tm,last,5.4% are slightly (approximately
◦C) increased with respect to Tm,POM and Tm,5.4%, respec-

ively. To explore this phenomenon further, the POM-modified
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ample with 5.4 mass% dioxalane has been studied according to
ts thermal stability. The sample has been heated and cooled at a
ate of 100 ◦C/min repeatedly (11 times) in between −150 and
20 ◦C (higher than for the self-seeding experiments: 200 ◦C)
ith isothermal stays of 5 min (longer than for the self-seeding

xperiments: 3 min). These extreme cycling conditions result
n an increase of the melting peak temperature, Tm,5.4%, from
63.6 to 168.0 ◦C. This 4 ◦C increase is well in line with the
ncrease of approximately 2 ◦C seen in Fig. 10, and can be
xplained by the occurrence of post-condensation.

.3. Polyamide-6 (PA6)

.3.1. Introduction
The many crystal structures for PA6 as reported in literature

llustrate the complexity of the topic, all the more while the
ndings are often quite contradictory. The thermal behavior of
A6 is correspondingly much more complex compared to PP
nd POM. Because of new findings in this area are of crucial
mportance, in this introduction the present situation is discussed
n some detail.

Studying the cooling behavior of PA6 is of importance
ecause of the possible development of different crystal struc-
ures during cooling. The monoclinic α structure is well
haracterized and constitutes the major crystal fraction in PA6
amples when cooled in a standard way, like at 10 ◦C/min, or
lower. It is a stable structure with a relatively high density
f 1.235 g/cm3 [33,34]. The melting enthalpy of 100 % crys-
alline PA having the � phase is calculated as 230 J/g [35,10]
ith a melting peak temperature in practice around 223 ◦C and

n equilibrium melting point of 260 ◦C. The � phase is also
ell characterized and is obtained by a KI/I2 water solution

reatment of � crystals [36–40]. The equilibrium melting tem-
erature of this form is determined to be 214 ◦C, at a density of
.190 g/cm3 [39,41,42]. Illers [33] calculated a �H100% value of
39 J/g, which value is however affected by the density assumed
a �H100% value of 175 J/g has been found for a crystal density
f 1.163 g/cm3 [37]). In addition, several authors have proposed
third form, �, mostly obtained after fast quenching or cold

rystallization of PA6 [34,43–45]. The precise characterization
f this structure is heavily disputed, because the WAXD profile
s very similar to the one of the � form. Mostly, a mesomor-
hic, (pseudo)hexagonal structure is proposed [45], which is
ery unstable compared to the stable � form obtained via the
queous KI/I2 treatment of � crystals, while it will give the �
tructure upon annealing. Various authors, however, have come
p with different structures such as paracrystalline monoclinic
[44], pseudohexagonal �* [33,39], pleated � [46], leading to a

onfusing nomenclature. Another group of authors states that the
arious structures found are nothing more than � or � ones with
arious degrees of perfection, which structures can be viewed
s intermediates between the two stable forms with respect to
he H-bond setting and chain conformation [47–49]. Murthy

49] propose a disordered metastable phase and show that the
table � form can be reversibly transformed into the metastable
orm under shear. Penel-Pierron et al. [50] summarize that while
AXD is not able to distinguish the � form from the unstable

t
t
r
r
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esomorphic � form (thus not indicating crystallographic dis-
imilarity), FTIR studies have indicated that the mesomorphic
form is closely related to the amorphous component from the

tandpoint of chain conformation. Thus, infrared spectroscopy
as hardly able to separate the � mesomorphic contribution from

he contribution of the amorphous phase [51]. FTIR, however,
s able to discriminate between � and � structures [52]. Illers
33] proposed a �H100% value of 60 J/g of the unstable form,
abeled �*, based on the specific volume (0.871 cm3/g). Char-
cteristic properties of the �- and �-forms of PA6 can be found
n the literature [33,34,38,39,44,49,53–62]. The heats of fusion
t the equilibrium melting temperature, �H◦

f , are the values
eported by Illers [33]. Other values are reported in the litera-
ure [33,56,60,63–67] and Wunderlich has suggested a value of
30 J/g based on a compromise of various reports in the literature
35,10].

The effect of crystallization temperature and time on the for-
ation of the �- versus �-forms has been widely studied. Three

ndependent investigations [59,68,69] have shown that crystal-
ization for extended periods of time below ∼130 ◦C leads solely
o the �-crystallites while above ∼190 ◦C only the �-form is pro-
uced. Temperatures in between these limits result in a mixture
f the two forms, with a higher fraction of � resulting the higher
he temperature. Crystallization of PA6 at low temperatures,
ithout the need of quenching, can be realized by fractionated

rystallization [70–74]. Thus, the hypothesis mentioned for crys-
allization at low temperatures (�-forms) could be checked by
ide angle X-ray diffraction (WAXD).
Aliphatic polyamides show the so-called Brill transition in a

igh temperature region below the melting point, which was first
bserved in polyamide 6.6 [75]. This transition regards the merg-
ng of the two reflections of the �-form, which can be observed
n plots of X-ray diffraction intensity versus 2θ [42,76–78] as
he sample is heated.

Kyotani and Mitsuhashi [69] found that very short crystalliza-
ion times at either 100 or 200 ◦C lead to both crystalline forms,
hile longer crystallization times produced predominantly �

nd �, respectively. Annealing affects the crystal structure. For
xample, annealing of quenched samples, or those crystallized
etween 100 and 150 ◦C, at 200 ◦C for extended times leads
o the conversion of �-type of crystals into � ones [69,79–81].
imilar annealing results were demonstrated by Gogolewski et
l. [60] and Gurato et al. [68].

Thus, in general, rapid cooling and low temperature crystal-
ization is thought to promote the �-phase of PA6, while higher
rystallization temperatures or slow cooling leads to the �-phase.
yotani and Mitsuhashi [69] assign the different temperature-
ependent crystallization rates found to the existence of the two
hases; i.e. at temperatures below 130 ◦C the rate of forma-
ion of � is faster, while above ∼190 ◦C the crystallization rate
f � is faster, while at intermediate temperatures, the rates are
omparable. The maximum crystallization rate of PA6 occurs
t approximately 140 ◦C [82]. The temperature dependence of

he crystallization rate above this maximum is dominated by
he nucleation barrier towards crystallization, while below, the
ate is dominated by the diffusion restrictions to chains with
espect to their moving towards the crystal growth fronts, i.e.
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y the polymer chain (im)mobility. Therefore, it may be postu-
ated that conditions of limited polymer chain mobility favor the
rystallization of the �-phase of PA6.

In all cases the driving force towards crystallization [9] is
ncreasing with the supercooling; it increases with decreasing
emperature. Thus, this driving force is the crucial function
n “hot” (from the melt or high temperature during cooling)
rystallization and in “cold” (from the glass state or from
ow temperature during heating) crystallization, and it equals
though with opposite sign) the driving force of melting. In
act, the specific driving force is the specific free enthalpy or
pecific Gibbs energy reference differential function, �g(T),
hich is calculated from the specific heat capacity reference
ifferential function �cp(T) = cpa(T) − cpc(T), where cpa(T) and
pc(T) are the specific heat capacities for the extreme situations
n which the polymer at hand can be: 100% amorphous and
00% crystalline, respectively. The derivation of the driving
orce for a polymer [9,83] on the basis of heat capacity mea-
urements illustrates the importance of performing quantitative
alorimetry.

The above summary of literature shows the complexity of
he polymorphous structures of PA6, in almost all cases leading
o mixtures of �- and �-like phases of different order, strongly
ependent on crystallization conditions, such as the cooling rate.
hus, the structure actually realized when PA6 is crystallized

rom the melt will be influenced by many parameters including
hermal conditions, applied stress, shear rate, humidity, pressure,
dditives that are present, etc.

Subsequent to cooling, it is of great interest to understand
nd interpret DSC heating curves with respect to the behavior
f the crystal structures present. This is especially important in
he case of polymorphous PA6 for which cold crystallization
nd multiple melting are commonly observed in DSC heating
urves. In literature, several hypotheses have been proposed to
xplain multiple melting peaks in PA6. Usually the occurrence
f continuous recrystallization events during the DSC heating
can has been put forward as explanation, and alternatively,
ifferent crystalline structures associated with the particular
elting endotherms have been suggested in dependence of the

rystallization temperature. In contrast to polyolefins, where
lmost unlimited possibilities of changing the molecular archi-
ecture exist, for polyamides differences in molecular structure
s responsible parameters have been of less importance up till
ow. In order to better understand melting behavior in terms
f polymorphism, HPer DSC experiments are of great value
ecause the dynamic character as caused by the metastability
f the systems scrutinized, and the kinetics involved, neces-
itate a full analysis exploiting the capabilities of HPer DSC
ith respect to its broad spectrum of cooling and heating

ates.

.3.2. Results and discussion
In the same way as described above for PP and POM, the
rystallization behavior with varying cooling rates of PA6 has
een studied by HPer DSC (see Fig. 11b). As the cooling rate
ncreases, the crystallization peaks shift towards lower tempera-
ures as expected while the curves show appreciable broadening,

v
i
t
m

asses as a function of cooling rate. (Filled symbols) Tc values without correc-
ion. (Open symbols) Tc values corrected for the sample mass and for the cooling
ate applied. (b) Crystallization behavior of PA6 at various cooling rates.

s a result of which a crystallization peak temperature determi-
ation becomes almost impossible in case of the highest cooling
ates.

Therefore, as will be obvious, defining a crystallization peak
emperature for virgin (as received from provider) PA6 material

ight not always be as transparent as for PP and POM (which
n addition have intrinsically higher heat flow rates), which phe-
omenon has been noticed already in the past. In addition, in
ractice, it turns out that the crystallization peak temperature
f a curve may vary a few degrees centigrade between differ-
nt samples. As a result, the spread concerning the data can
e quite large in comparison with other polymers like PP and
OM. Fig. 11a represents the crystallization peak temperatures
f PA6 samples with two masses, 1.025 and 0.654 mg, for cool-
ng rates, Sc, ranging from 5 to 250 ◦C/min. Corrections of the
eak temperature values for sample mass and cooling rate have
een made according to Table IV in Ref. [2], and as a result the Tc

alues are shifted to higher temperatures. On average, the drops
n crystallization peak temperatures, as caused by increasing
he cooling rate from 5 to 250 ◦C/min, amount to approxi-
ately 44 ◦C and approximately 37 ◦C for the uncorrected and
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ig. 12. Melting behavior of PA6 during heating at 50 ◦C/min subsequent to
arious preceding cooling rates.

orrected data, respectively. After correction, the crystallization
eak temperatures are seen to come closer, as is also apparent
rom comparing the first-order exponential fitting curves for the
wo sample masses.

The melting behavior of PA6 as a function of the preceding
ooling rate is shown in Fig. 12, and it is clearly observed to be
uch more complex than in case of PP and POM. The applied

eating rate, 50 ◦C/min and the sample mass (1.025 mg), are kept
he same for all measurements in order to compare the melting
urves with the same correction. In the figure, several transitions
A–F) are indicated. These transitions change continuously with
ncreasing cooling rates.

Between 50 and 60 ◦C (transition A) a glass transition range
s observed, which is the characteristic for dry PA6. The glass
ransition in the heating curves is seen to shift towards lower
emperatures with increasing cooling rates, which is unexpected:

higher cooling rate should induce a higher glass transition
emperature. Because all curves have been measured at the same
eating rate of 50 ◦C/min, this cannot be caused by thermal lag.

Three melting endotherms (transitions B, C and E) are
etected. Each of them behaves different when the preceding
ooling rate is increased: the melting endotherm E shifts drasti-
ally to lower temperatures, becomes broader, and then vanishes
t the highest heating rates. Transition C shifts slightly to lower
emperatures while transition B remains at the same tempera-
ure when increasing the preceding cooling rate. Increasing the
receding cooling rate from 30 ◦C/min to higher values, a small
xotherm (transition D) appears just beneath 200 ◦C which shifts
o 190 ◦C. Once the cooling rate is higher than 200 ◦C/min, cold
rystallization around 75 ◦C is observed (transition F). Unex-
ected is the development of the heat flow rate ratio of peak
enoted by C compared to peak denoted by B, “C/B)”: from low
o high preceding cooling rates, C/B decreases; increases and
ecreases again.
According to literature there are at least two possible expla-
ations for the complex melting phenomena seen with varying
receding cooling rate: (1) the transitions are considered as being
elated to phase changes and (2) the transitions are thought to be
chimica Acta 461 (2007) 107–121 119

aused by extensive reorganization effects like recrystallization
nd crystal thickening:

. According to literature, it is “common knowledge” that the
melting temperature of PA6 of the �-phase is found around
214 ◦C and for the �-phase around 220 ◦C. The �-phase is
mostly obtained after fast quenching or cold crystallization of
PA6. Considering that slow cooling leads only to the �-phase,
the endotherms C and B in curve c5h50 in Fig. 12 are ascribed
to melting, and remelting after recrystallization of the �-
phase. The small melting endotherm (transition E) around
190 ◦C is currently not well defined/described in literature,
due to lack of instruments capable of cooling and heating
rapidly like HPer DSC. Upon increasing the preceding cool-
ing rate this endotherm shifts to lower temperatures following
to some extent the descent of the crystallization peak tem-
perature with increasing cooling rate. Therefore, it may be
ascribed as reflecting a less perfect �-phase, which recrystal-
lizes upon further heating resulting in the melting endotherms
C and B. The higher the preceding cooling rate, the higher the
peak of transition B is in comparison with the peak of transi-
tion C (curves c5h50–c20h50). This result can be understood
because faster cooling results in less perfect �-crystals and
these crystals start to reorganize/recrystallize earlier, which
means more time to increase the stability of the crystals
by perfectioning and increasing dimensions, and therefore
more contribution to the higher melting peak. At a cool-
ing rate of 30 ◦C/min suddenly an exotherm appears around
195 ◦C (transition D) which becomes more pronounced at
higher cooling rates. Simultaneous with this appearance of
the exotherm, the peak of transition C increases in compari-
son with the peak of transition B (curves c30h50–c150h50).
Both phenomena are thought to be originated from �-crystals.
This explanation can be completed with the knowledge that
rapid cooling and low temperature crystallization promotes
the �-phase of PA6. At the highest preceding cooling rates
(the c250h50 and c300h50 curves) cold crystallization occurs
around 75 ◦C (transition F) upon heating, which reflects the
�-phase. Together with the appearance of cold crystallization
the peak of transition B increases again in comparison with
the peak of transition C, which is caused by reorganization
of the �-phase into the �-phase on heating, resulting in an
extra contribution to the melting endotherm B.

. An alternative explanation is based on reorganization effects:
melting, recrystallization, remelting and crystal thickening.
Slow cooling leads to crystal structures with a variety of
perfection, which is observed by the multiple endotherms
upon heating (transitions E, C and B) where the last melting
peak reflect the most perfect crystal structure after continu-
ously reorganization and/or recrystallization. Higher cooling
rates will accelerate crystallization at low temperatures, in
general resulting in less perfect crystallites of small dimen-
sions, which are vulnerable to reorganization upon heating.

This explains early melting: transition E shifts to lower tem-
peratures. Exotherm D may be present even at low cooling
rates but is then probably masked by endotherm E. Exotherm
D is speculatively ascribed to crystal thickening which is
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favored by chain mobility at rather high temperatures and –
for polyamides of less importance – on the chain microstruc-
ture. Whether such crystal thickening occurs will further
depend on the actual crystalline structure in the sample. It
remains unclear why exotherm D shifts. High cooling rates
like presented by curves c200h50 and c300h50 lead to less
crystallization/lower crystallinity of PA6. Part of the uncrys-
tallized PA6, however, is able to cold crystallize on heating
resulting in peak F. This low-temperature crystallized mate-
rial will be very susceptible to continuous crystal perfection
during heating what is reflected in an extra contribution to
the peak B. The explanation of the ratio C/B cannot easily be
found.

At first sight, using the different crystal phases (�, � and �)
n order to explain the melting behavior of PA6 as a function of
he preceding cooling rate (explanation 1) looks quite logical.
evertheless, the authors are somewhat skeptic and believe real-

ty is more complicated than discussed above. Most probably, a
ombination of explanations (1) and (2) is operative.

It is important to realize that the crystallization and melting
ehavior, as revealed by DSC/HPer DSC, reflects molec-
lar structure and morphology only indirectly. The length
cales probed by techniques like time-resolved synchrotron
mall angle X-ray scattering and wide angle X-ray diffraction
SAXS/WAXD); and chain/segment/group mobilities as probed
y solid-state NMR are of fundamental interest in understanding
tandard DSC/HPer DSC heating curves in terms of morphol-
gy. Thus, to prove or disprove the abovementioned reasoning,
dditional morphological evidence has to be sought. Such a
tudy will be the topic of a forthcoming paper.

. Conclusions

The dynamics of crystallization and melting behavior, includ-
ng the kinetics of reorganization and recrystallization have been
tudied for PP, POM and PA6, by means of varying sample
asses, composition of the samples, cooling and heating rates.
orrections concerning thermal lag, when using different sam-
le masses and/or high scan rates, are found to be necessary and
ave been applied and discussed. The influence of the cooling
ate on the crystallization behavior has been studied and found
o be of great help, not only for scientific purposes, but also
or interpreting results of processing, and for mimicking real-
stic conditions of practice in general. It has been shown that
old crystallization, reorganization and recrystallization effects
uring heating at various rates can be studied successfully if
erformed in combination with a variety of preceding cooling
ates. The use of high heating and cooling rates has finally been
sed to explore the dynamics of self-seeding.
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