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bstract

The way to measure quantitatively full dissolution and crystallization of polyamides in water up to 200 ◦C and above by DSC is described.
tainless-steel high-pressure pans enable research on fully dissolving polyamides in water under vapor pressure. The results show clearly that
olyamide 6 (PA6) is soluble in water under vapor pressure in the whole concentration range and that water acts as a crystallization and melting
oint suppressor. The maximum temperature depression is approximately 60 ◦C. This depression of the transitions is independent of concentration
ver a large range (10–70 mass% PA6 in water). When PA6 dissolves in water during heating, the polymer often sets to the sides of the DSC sample
an. Because of this the contact between the sample and the bottom of the pan reduces during measurement and therefore DSC heating curves are

requently curved. Adding steel wool to these stainless-steel high-pressure pans improves the measurements by increasing the thermal conductivity
etween the sample and pan bottom, and as a result the DSC curves become less curved. The interpretation of the measurements improves and the
ossibility of reproducible peak area calculations also in heating comes in sight.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Instead of the frequently studied uptake of limited amounts
f water in polyamides [1], we investigated fully dissolving
olyamides in water. To this end, we used a concept developed at
SM Research in the early nineties [2–4] (and followed recently

5]): to dissolve polyamides in water and other solvents under
ressure. Such a study of crystallization and melting/dissolution
f polyamides like PA6 in the presence of water has not been
ublished in the past—except for an indication by Murthy et al.
ho reported a melting point depression of 20 ◦C after annealing

n water under pressure at 120 or 140 ◦C [6]. This dissolution

n water decreases the melting- and crystallization tempera-
ures drastically, as will be shown further on. The resulting
rystallization- and melting temperature depressions realized in
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nd melting temperature depressions

rinciple open new routes [2–4] to turn the negative aspect of
ater uptake into a positive one.
As is to be expected, dissolving PA6 in water during a DSC

ycle causes a shift of the molar mass distribution to lower values
s discussed in Ref. [4], because of shortening of the polyamide
hains by scission. However, after a cycle still a polyamide
esults with a fairly high molar mass.

While the melting- and crystallization temperature depres-
ions are observed clearly by DSC, it is also obvious that in
hese cases the DSC heating curves are quite often curved, while
he DSC cooling curves sometimes show the same behavior, see
ig. 1.

Accordingly, quantitative interpretation of the melting and
rystallization curves with respect to enthalpy changes is dif-
cult, and especially crystallinity calculations in melting are

ot very reliable because of this curvature. Such curvature of
he DSC curves occurs frequently in PA6–water systems and
n polyolefin-dispersions-in-water systems [7] but sometimes it
lso takes place in pure PA6 [8,9].

mailto:vincent.mathot@scite.nl
dx.doi.org/10.1016/j.tca.2006.10.020
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Fig. 1. First heating and first cooling DSC curves at 5 ◦C/min: representing (a)
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9 mass% PA6 in water with steel wool (same as in Fig. 2), (b) 20 mass% PA6
n water without steel wool and (c) 17 mass% PA6 in water without steel wool
same as in Fig. 2).

It is tempting to ascribe the curvature in case of heating a
olymer–water system to evaporation of the water (in the closed
ell), and in general of the solvent or low-molar mass liquid.
owever, that would not explain the occurrence of curvature in

ase of pure PA6 every now and then. Even so, water itself gives
ise to some curvature; see the DSC curve of pure water with
nd without steel wool in Fig. 2.

However, in case of a PA6–water system, curvature is much
ore pronounced, as can be seen in the same Fig. 2. The strong

ncrease at the highest temperatures is much stronger then to
e expected for the PA6–water system. So, obviously, for the
wo reasons given, the major cause of curvature is somehow
onnected to the polymer itself.

Searching for the reason behind, a possible cause is found in
he (changing) place of the polymer sample during measurement,
esulting in a changing contact between polymer and pan bottom.

ovement of the polymer sample is most probably related to
spects of the rheology of the polymer (whether it can flow or

ot under the measuring conditions) and to the balance between
he surface free enthalpies of the polymer and the DSC pan (the

aterial it is made of; its surface characteristics and its specific
hape) used as driving force for movement. The melting- and

2

p

ig. 3. Top view of a DSC pan of (originally) 70 mass% polyamide in water after a h
s clarification (b).
ig. 2. First DSC heating curves of 19 mass% PA6 in water with steel wool,
ure water with and without steel wool and 17 mass% PA6 in water without
teel wool.

rystallization temperature depressions in case of the systems we
tudied, like polyamide with water, ethanol, methanol, etc., have
een measured using stainless-steel high-pressure DSC pans.
hen these pans are opened after measuring, we noticed that

ften the polyamide has been displaced to the sides and even to
he top of the DSC pan, see Fig. 3 for an example. In this paper
e suggest a solution for this problem.

. Experimental part

.1. Materials

The polymer used in this study is PA6, as produced by
SM, see Table 1, The PA6 granules were chopped into pieces
efore measurement. Demineralized water was used in the
xperiments.

.2. Preparation and characterization of the samples
.2.1. Measuring under vapor pressure
At 1 atm, water boils and evaporates at 100 ◦C. The vapor

ressure of water – in a closed system – increases on heat-

eating/cooling cycle (white/gray = PA6) (a) and schematic longitudinal section
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Table 1
Properties of the PA6 used in the experiments

Density at 23 ◦C (kg/m3) 1130
Mw (kg/mol) 31
Mw/Mn 3.8
Melting peak temperature (◦C) at 5 ◦C/min 222
C
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Fig. 4. Side view of the network of steel wool with the polyamide by optical
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rystallization peak temperature (◦C) at 5 ◦C/min 173

ng. When performing DSC measurements at temperatures
igher than 100 ◦C, stainless-steel high-pressure pans (having
mass of approx. 600 mg) are needed withstanding vapor pres-

ures up to a maximum of 27.9 bar at 230 ◦C for pure water
10].

.2.2. Sample preparation and DSC measurements
A Perkin-Elmer Pyris 1 DSC was used to measure crystal-

ization and melting behavior.
For PA6 up to 50 mass% (mass percentage) in water, the sam-

le has been heated first from 50 ◦C to Tmelt = 200 ◦C, followed
y isothermal stabilization for 15 min and cooling to 50 ◦C, all
cans at a rate of 5 ◦C/min. Above 50 mass% PA6 in water, to
issolve the polymer and also to avoid self-nucleation of the
olymer, a Tmelt of 30 ◦C above the dissolving end temperature
as taken. The isothermal stabilization step of 15 min was cho-

en throughout on the basis of experiments varying stabilization
imes. After 15 min stabilization time – in contrast to shorter
imes – a single crystallization peak was observed instead of a
ouble crystallization peak. Longer times for stabilization gave
o further changes.

For the study of the influence of steel wool (obtained from the
upermarket, having a circular cross-section with a diameter in
etween 0.02 and 0.06 mm) on the DSC curves, PA6 and water
ere brought together in a stainless-steel high-pressure pan at

oom temperature and then approx. 2 mg steel wool was added
o this system. Subsequently the system was subjected to a DSC
ycle. For all measurements an empty pan (without steel wool)
as subtracted.

. Results and discussion

.1. Difficulties with measuring polyamides

As mentioned in the introduction, when PA6 dissolves in
ater, the polymer sets often to the sides of the sample pan and
nly a small amount of polyamide remains at the bottom of the
an, see Fig. 3 for an example.

Because of this, the contact with the bottom reduces during
he measurement and as a result the DSC curves are frequently
urved, especially in heating. In 47% of all the measurements
ithout leakage (64 in total have been scrutinized) only the
eating curve is curved, in 5% of the measurements only the
ooling curve is curved, and in 17% of the measurements

oth the heating and cooling curves are curved. In 31% of
he measurements there’s no curvature at all. Consequently,
n quite a number of measurements interpretation of the

elting and crystallization curves is hard, and as a result,

p
b
l
w

icroscopy. Black = steel wool, white/gray = PA6; contour of the PA6 roughly
epresented (as in Fig. 2) by a dotted line, and contour of the DSC pan by a solid
ine.

.g. crystallinity calculations are not very reliable because of
his curvature. In an attempt to improve this unsatisfactory
ituation, we added a small amount of steel wool (approx.
mg) to the sample pan, as explained in the experimental

ection.
This steel wool forms a network together with the polyamide,

s shown in Fig. 4 while the steel wool touches the bottom of
he DSC pan.

Indeed, due to this, the thermal conductivity between the sam-
le and the pan during measurement is improved and the DSC
urves are less curved, as shown in Fig. 1. When measurements
ith steel wool and without steel wool are compared, there

re also slight differences seen with respect to the DSC peak
hapes. However, to our experience, these are related to the non-
00% reproducibility of measurements on PA–water systems,
nd as such not caused by the use of steel wool. As a result,
hen the measurements of PA–water systems with and without

teel wool are compared, we learn that with steel wool 67% of
he measurements (12 without leakage in total), compared to
1% without steel wool, have no curvature. Nevertheless, 8%
f heating curves; 0% of the cooling curves and 25% of both
eating and cooling curves are still curved using steel wool. As
uch it is a clear improvement compared to PA6–water systems
ithout steel wool where 47% of the measurements show cur-
ature in heating, 5% in cooling and 17% in both heating and
ooling.

When the same procedure (adding steel wool) is applied to
ure PA6 in standard DSC pans, no improvements are visible. In
oth cases – with and without steel wool – curvature still poses

roblems. On the other hand, the results are not worsened either
y adding steel wool: no differences with respect to, e.g. thermal
ag are seen between the measurements with and without steel
ool.
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ig. 5. Crystallization (Tcr,ons) and end of melting temperatures (Tm,end) from
rst heating and first cooling curves as function of the concentration of PA6 in
ater with and without steel wool by DSC at 5 ◦C/min.

Clearly, using steel wool in case of PA6–water systems the
nterpretation of the measurements improves and moreover, the
ossibility of reproducible conventional crystallinity calcula-
ions from heating curves comes in sight. By “conventional”
s meant calculating crystallinity by drawing a line (arbitrary by
ecessity, see Ref. [11]) under the melting peak to obtain a peak
rea. Quantitatively temperature dependent crystallinity calcu-
ations [11] remain in both cases (with and without steel wool)
ot feasible.

.2. Dissolution and crystallization of PA6 in water

Measurements of PA6–water in the whole concentration area
ave been performed before, see Ref. [4]. Water lowers the
emperature of melting of PA6 radically and also any subse-
uent crystallization and melting with respect to temperature,
ee Fig. 5. Such depressions of the transition temperatures occur
cross the whole concentration range. The maximum depression
f the crystallization and melting temperatures is approximately
0 ◦C (130 and 165 ◦C for PA6 in water compared to 184 and
27 ◦C for pure PA6 for onset of crystallization and end of
elting, respectively). These temperature depressions of the

ransitions are more or less independent of the concentration
ver a large concentration range (10–70 mass% of PA6 in water).
hen these measurements are repeated with steel wool (only

rst heating and first cooling curves are presented here), we
ee – within the experimental error – no significant tempera-
ure differences between the different sets of measurements. The
xperimental error with respect to characteristic temperatures,
ike onset of crystallization (Tcr,ons) and end of melting tem-
eratures (Tm,end), is appreciable especially for the first heating
urves because the sample shape and the sample and/or thermal
istories can be different. Besides, other parameters, like the

bsolute amount of water; the diffusion of water into the PA6,
tc. play a role as well.

Finally, a few words to some peculiarities seen in Fig. 2.
s mentioned, for a number of reasons, first heating curves
ica Acta 453 (2007) 67–71

f different, freshly prepared samples usually differ to some
xtent, as is explained at the evaluation of Fig. 5. First DSC
eating curves also can show irregularities, e.g. see the
spike-like” phenomena in Fig. 2 for the 19 mass% PA6 in
ater with steel wool, hardly seen in the same curve in Fig. 1
ecause of different scale of the y-axis. Possible reasons are
elease of stresses within the sample; and changes of the
ample, adjusting itself to a new shape and position throughout
he heating ramp as outlined before. In addition, in between
pprox. 120–140 ◦C an exothermic phenomenon is seen, while
t the low-temperature side of the melting peak a shoulder
s seen. These phenomena will be discussed in subsequent
ublications.

. Conclusions

DSC curves on polymers as measured bare, in solvents and in
on-solvents often show curvature. It is recommended to open
he pan afterwards and inspect the sample on possible changes
ith respect to its location as a possible cause. DSC measure-
ents up to temperatures up to 200 ◦C and above on polyamides

n water using stainless-steel high-pressure pans improve clearly
hen steel wool is added to the pan. Both the heating and cool-

ng curves becomes less curved and conventional crystallinity
alculations become more reproducible. Thermal lag is not influ-
nced. As in the case without using steel wool, the results show
learly that PA6 is fully soluble in water over the whole concen-
ration range and that water acts as crystallization- and melting
emperature suppressor. Analogous results have been found for
ther polyamides, also in case of solvents like butanol, ethanol
nd methanol [2,4].
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