
E uPo/ym.J. Vol.33, No. 7, IO31-1039,1997
(C)1997ElsevierScienceLtd. All rights reserved

@
Printed in&eatBritain

0014-3057/97$17,00+ 0.00

INVESTIGATIONS OF THE CRYSTALLINITY OF PA-6/SPS
BLENDS BY X-RAY DIFFRACTION AND DSC METHODS

and

TechnicalUniversityof Lodz,Branchin Bielsko-Biala,43-309Bielsko-Biala,Willowa2, Poland
INicholasCopernicusUniversityof Torun,87–100Torun,Gagarina7, Poland

(Received 15 July 1996; accepted injnalform 28 Augusl 1996)

A
a

o

INTRODUCTION

Crystallinityis one of the most important parameters
of the two-phase, lamellar model of polymer
structure. It is defined as the ratio of the mass of
crystalline phase to the total mass of the polymer.
The physical and mechanicalproperties of polymers
are profoundly dependent on the crystallinity, and
various methods have been elaborated to determine
this parameter.

Most frequently, the wide angle X-ray diffraction
(WAXS)method is used. The method is based on the
assumptionthat it is possibleto separate the scattered
intensity contributions arising from crystalline and
amorphous regions. Several procedures have been
elaborated to derive the degree of crystallinity from
the scattered X-ray intensity distribution. They may
be dividedinto two groups, the relative[1–3],and the
absolute ones [4-11]. For the former, an index is
assigned to a sample by comparing its diffraction
pattern with those of crystalline and amorphous
“standards”. The samples of the highest and the
lowest crystallinities are taken as “standards”. The
disadvantage of this procedure is that the indices
cannot be compared betweendifferentlaboratories or
different polymers. The absolute procedures are
based on the fact that the intensityof X-raysscattered
over all angles by a given assemblage of atoms is
independentof their state of order [12–14].For, if the
intensitiesscattered by the crystallineand amorphous
regions can be separated, the degree of crystallinity
may be calculatedas the ratio of the integral intensity
coming from crystalline regions to the integral
intensity scattered by the whole sample.

Determination of the crystallinity of polymer
blends is more complicated than in the case of a
“pure”, semicrystallinepolymer. A direct resolution
of a diffraction pattern of a blend into individual
crystallinepeaks and an amorphous part is uncertain
in most cases, particularly when peaks arising from
the components of the blend overlapconsiderably.A

procedure for the determination of the
crystafiinityof polymer blends was proposed in Ref.
[15].This procedure has been employed successfully
for several types of polymer blends and copolymers.

This work aims to compare the crystallinityvalues
obtained by meansof the X-rayprocedurementioned
above with the results obtained with the traditional
DSC method. The measurementswereperformedfor
two-component blends of polyamide-6 with sul-
fonated polysulfone(PA-6/SPS).
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CALCULATIONS

The main problem met in the investigationof the
crystallinity of a polymer blend by means of X-ray
diffraction is the necessity of separation of the
scattered intensity contributions arising from crys-
talline and amorphous regionsof the blend. It can be
done using the method proposed by Hindeleh and
Johnson [11]. However, directly resolving the
diffraction pattern of a blend into amorphous and
crystalline parts, an unequivocal solution frequently
can not be obtained because of overlapping of the
contributions from blend’s components. For this
reason, at the first step, in order to perform such a
separation in the most reliable way, the diffraction
pattern of the blend should be resolved into the

contributions coming from each particular com-
ponent. Next, such contributions can be resolved
moreeasilyinto crystallineand amorphousparts, and
the crystallinity of components as well as the total
crystallinity of the blend can be calculated.

The blends PA-6/SPSdealt with in this work are
composed of polymers which differ considerably in
respect to their chemical composition and super-
molecular structure in the solid state. Polyamide-6is
semicrystalline,while sulfonated polysufoneis com-
pletely amorphous. WAXS patterns of these poly-
mers in the “pure”, non-mixed state are shown in
Figs 1 and 2. Chemical compositions of both
componentsare shownin Fig. 3. Taking into account
the differencesmentioned above and the resulting
incompatibilityof PA-6and SPS,it may be supposed
that their miscibilityis negligible.

Thus, the blends may be considered as physical
ones, with clearly separated regions formed by
individual components. The volume fraction of
transition layers is very low, and may be omitted.

Bearing in mind that one can assume that the
components of the blend scatter the incident X-rays
independentlyof each other and that the shape of the
scattered X-ray intensity contribution arising from
SPS(whichis completelyamorphous) is the same for
all the blends investigated, independent of their
composition (weight fraction of components). In
other words the ratio S of the scattered intensity
comingfrom SPScontainedin a blendto the intensity
of “pure” SPS sample is the same at each particular
scattering angle. Obviously,such ratios are different
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for different blends, but for a given blend, the ratio
remains constant in the whole registration range.

Knowing the ratio S, which will be called the
“scaling factor” later, the intensity contribution
coming from SPS contained in a givenblend may be
calculated making use of the diffractioncurve of the
“pure” SPSsample. In this way, the diffractioncurve
of the blend could be resolved into the components
arising from SPSand PA-6.The scalingfactor S may
be found from the following consideration. As a
result of immiscibilityof the components, they form
separated regionswithinthe volumeof the considered
blend and they scatter X-rays independentlyof each
other. For this reason, the total intensity (intensity
integrated over the whole reciprocal space) scattered

by the blend is equal to the sum of total intensities
coming from particular components. So, the ratio of
the total intensity arising from SPS contained in the
blend to the total intensity scattered by the whole
blend may be calculated taking into account the
weightfraction of this component and the scattering
factors of the atoms of whichSPSand PA-6are built.

At first, using the chemical formulae of SPS and
PA-6, the theoretical integral intensities scattered by
one mer of each polymerare calculated. To this aim,
wecalculatethe squared scatteringfactor for one mer
from the scatteringfactors of the atoms present in the
consideredmolecule.The atomic factors are taken in
the form of power series [18]. Integrating the
scattering factors of PA-6 and SPS mers with the

o 1

b fNH-~-CH2hjn



1034 al.

600

400

200’

1

PA-6

10 15 20 25 30 35
I

40 45 m 5

4.

i

1

I

v

\

0
5 10

5.



Crystallinityof PA-6/SPSblends 1035

same limits of integration as the limits of experimen-
tal registration of their X-ray diffraction curves we
obtain the theoretical integral intensities related to
one mer of each polymer.

Next, knowing the molecular masses of both
polymerswe find the theoretical intensities scattered
by 1g of PA-6 and SPS using the following
equations:

where and are theoretical integral intensities
scattered by one mer of PA-6 and SPS, respectively;
#~F’A)and are molecular massesof the polymers;
NAis Avogadro’s number. Then, taking the same
mass proportions of SPS and PA-6 as in the
considered blend, we calculate the ratio R of the
theoretical integral intensity scattered by SPS
contained in the blend to the total theoretical
intensity scattered by the blend as a whole.

R=.
i(sm,w

+ i(PAJ(1 – w)’
(2)

where w is the weight fraction of SPS in the blend.
Multiplying the integral experimental intensity
scattered by the blend by the ratio R obtain the
integral experimental intensity arising from SPS
contained in the blend i~(sps).

Finally,makinguse of the diffractionpattern of the

“pure” SPS sample, we calculate the experimental
integral intensity scattered by this sample, io(sps).The
ratio s is calculated according to:

s – i~(spsl
Zo(sps)“ (3)

The diffractioncurve related to SPS contained in the
consideredblend (SPScontribution) is determinedby
meansof multiplicationof the intensityvaluesfor the
“pure” SPS sample at each particular angle by the
scaling factor S. The diffraction curve obtained in
this way is subtracted from the diffraction curve of
the blend givingthe curve related to PA-6 contained
in it. In this work, all the calculationsdescribedabove
were made using a prepared computer program.
Results are shown in Figs 4 and 5.

In order to calculate the degree of crystallinity of
the polyamidecontained in the blend, as well as the
crystallinity of the blend, the diffraction curves of
PA-6 obtained with the method described above
must be resolved into crystalline peaks and
amorphous part. The procedure of Hindeleh and
Johnson [11] may be used. In this procedure a
theoretical function composed of “peak” functions
and a “background” function is constructed and
fitted to the experimentalcurve by the least squares
method. The degree of crystallinity is calculated as
the ratio of the integral intensity under the resolved
crystallinepeaks to the total integral intensity under
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the unresolveddiffractioncurve.The calculationsare
performedbetweentwo arbitrarily chosenangles[19].
This procedure has been applied to cellulosic
materials [22], as well as to polyamide-6 and PET
[19]. However, the values of crystallinity found by
Hindeleh and Johnson for some polymerswere very
high.The valuesfound for annealedpolyamide-6and
PET sampleswerecloseto 100and 85%, respectively
[19].The values were considerablylarger than those
reported by Ruland [9]and others [23,24].

The procedure of Hindeleh and Johnson has been
analysed in detail in Refs [25,26]. It was shown that
such high crystallinityvalueswere directlyconnected

Table 1. Angular positions of crystallinepeaks (P, and P,) and
amorphous maxima (A, and Az) obtained by resolution of the
diffractioncurvesof PA-6derivedfrom tbe diffractioncurvesof the
blends. Samplesare denoted accordingto the weightfractions of

components

PI (0)

PA-6 19.98 23.78 20.66 39.71
PA90/SPSIO 19.88 23.75 19.76 41.46
PA80/SPS20 19.99 23.88 20.08 38.88
PA70/SPS30 19.92 23.90 19.28 40,38
PA60/SPS40 19.95 23.95 19.69 38.53
PA50/SPS50 19.84 23.87 20.24 40.16
Average 19.93 23.86 19.95 39.85

+0,06 +0.06 +0.44 +0.97

with the tvrte of function used for the amor~hous
backgroun~ approximation: a polynomial if the
third order. Investigationsof PE, PP, PET and PA-6
have shown that for those polymers the amorphous
part of the diffractioncurvecannot be approximated
by a polynomial of the third order. Such a
polynomialgave a good fit in the works of Hindeleh
and Johnson only becauseof a very narrow range of
registration of diffraction curves, they were taken
merelyfrom 10°to 34°.When we examinethe curves
of most polymersin a sufficientlylarge range, we see
that the amorphous background cannot be approxi-
mated by such a simple function. For instance, the
amorphous background in the diffraction curves of
the polymersmentioned above comprisestwo broad
maxima. The first is located at about 20° and the
secondat about 40°.For this reason, it was suggested
that the “background” function should be chosen
individually for each investigated polymer. It was

Table 2. Widths at half heights of the crystalline peaks and
amorphousmaximapresentedin Table I

PI (0) P, (0) AI(0) AI(“)

PA-6 0.93 1.48 6.25 5.98
PA90/SPSIO 0.84 1.42 7.68 8.86
PA80/SPS20 0.59 1.40 5.72 3.88
PA70/SPS30 1.02 1.34 11.54 9.12
PA60/sPs40 0.53 1.32 3,20 2.96
PA50/SPS50 0.79 1.24 7.65 6.50



Table 3. Crystallinityvaluesof the blendsdeterminedby the X-ray
diffractionmethod. ,l’~~, isthecrystallinityof polyamidecontained

in a blend. ,1’is the total crystallinityof the blend

Table 4. Crystallinityvaluesof the blendsdeterminedbytbe DSC
method.X6~6isthecrystallinityof polyamidecontainedin ablend,

X’ is the total crvstallinitvof the blend

x,, x

PA-6 38.1 38.1
PA90/SPSIO 44,0 39.6
PA80/SPS20 43.9 35.1
PA70/SPS30 55.5 38.9
PA60/SPS40 56.6 34.0
PA50/SPS50 41.1 20.6

Sample (%) ($.)

PA-6 36.9 36.9
PA90/SPSIO 33.9 30,5
PA80/SPS20 40.9 32,7
PA70/SPS30 49.4 34,6
PA60/SPS40 50.3 30.2
PA50/SPS50 46.4 23.2

shown that reliable results were obtained when the
approximating function was the composition of a
third order polynomial and one or two functions
related to the broad amorphous maxima. The latter
functions were constructed as linear combinations of
Gauss and Cauchy functions.The crystallinityvalues
for PE, PP, PET and PA-6 obtained in this way were
close to those obtained using Ruland’s method for
the same samples [25,26].

In this work, we approximated the amorphous
background in the same way: the “background”
function was composed of a third order polynomial
and two functions related to amorphous maxima.
The fitting of the theoretical function to the
experimental one, followed by its resolution, was
performed using a computer program prepared to
this aim. The fitting was realizedby minimizationof
the sum of squares of differences between the

experimentaland theoreticalcurvesmakinguse of the
Rosenbrockmethod [27].Figures6 and 7 present the
intensity contributions arising from PA-6 derived
from the diffraction curves of the blends.

The contributions are resolvedinto the crystalline
peaks and amorphous background following the
method described above.

RESULTSAND

The angular positions of crystalline peaks and
amorphousmaximaobtained as a resultof resolution
of the diffractioncurvesof the blendsare collectedin
Table 1. P, and P~ are two crystalline peaks
characteristic of the monoclinic u phase of PA-6.
They are related to lattice planes (200) and
(002)+ (202),respectively.A metastable y phase was
absent in investigated samples (no peaks were
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observed).In the last row, the average values for all
the samples are given, together with their standard
deviations. One can see no changes in the angular
positions of the peaks. Observeddeviationsare of the
order of experimental error. It means that the
parameters of the unit cell of PA-6 mixed with SPS
remain the same as in the “pure” PA-6 sample. Al
and Azin Table 1are the amorphous maxima shown

6 and 7. Their angular positions vary over a
wider range. However, the maxima are very broad
themselvesand observedvariationsare quite random.
The widths at half height of crystalline peaks and
amorphous maxima are given in Table 2.

As can be seen, the width of the crystalline peak
denoted as Pzdecreasescontinuously.It suggests,that
according to the Scherrerequation, the size of PA-6
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crystallite increases slightly with
weight fraction.

——
‘“k’– B.:*S e ‘

increase in SPS

(4)

~
K the Scherrerconstant, 0

is one-half the scattering angle. Particularly narrow
crystalline peaks, PI and Pj, are observed for the
sample containing 40°/0SPS. This fact indicates that
the size of PA-6 crystallite in this sample is the
largest.

In addition, the width of amorphous maxima for
this sample is much less as compared with other
samples. It may be interpreted in terms of better
arrangement of polymer chains in the amorphous
regions in this sample.

The crystallinityvalues found by X-ray diffraction
are given in Table 3. The crystallinity of PA-6
contained in a blend (XP~c)wascalculatedas the ratio
of the area under the resolvedcrystallinepeaks to the
total area under the unresolveddiffraction curve of
PA-6,derivedfrom the diffractioncurveof the blend.
The total crystallinity of the blend was calculated
using the crystallinityof PA-6 and its weightfraction
(1 – w) in this blend:

x = x,.,(1 – w), (5)

w is the weight fraction of SPS. It can be seen that
the presence of SPS has a distinct influence on the
crystallinity of PA-6. The crystallinity of polyamide
rises with increasing SPS concentration, reaching a
maximumvalue for the samplecontaining 4O”1OSPS.
These results coincide with those presented in
Table 2, which show the increase in the size of
crystallite.

The DSC thermogramsof investigatedsamplesare
givenin Fig. 8. It is easy to seethat the meltingpeaks
of the samples PA-6, PA90/SPSIOand PA80/SPS20
are much wider compared with the others. The
narrowest melting peak is observed for the sample
containing 40’YoSPS. It may confirm the result of
X-ray investigations,according to which the crystal-
lite in this sample have the largest dimensions.The
resultsof DSC investigationsof crystallinityare given
in Table 4. The DSC crystallinitiesX’ and X~ACwere
calculated according to the followingformulae:

X’=g$ —= ~ – w, (6)
m

where enthalpy of meltingof a blend, AH$
enthalpy of meltingof a crystallinestandard of

PA-6 (AH: = 160J/g, [28])
In Figs 9 and 10, the crystallinityvalues obtained

by both methods are presented versus the weight
fraction of SPS in a blend. As can be seen, both
methods show the same trends in the variations of
crystallinityas a function of SPS weight fraction. In
both cases, the crystallinityreachesa maximumvalue
for the samplecontaining 40% SPS. DSC crystallini-
ties are slightly less than WAXS ones. However,
these differences result from the specificity of the
consideredmethods and they are alwaysobservedfor
semicrystallinepolymers.

Of course, it is difficult to explain the observed
changesin the molecularstructure of PA-6contained
in the investigated blends solely using the data
collected in this paper. Additional investigations
should be performed to do this. However, this was
not the aim of this work, the work was done in order
to verifythe newX-ray procedurefor polymerblends
crystallinitydetermination. It seemsthat the consist-
ency of the results obtained by DSC and X-ray
methods confirms its suitability.

The proposed method can also be used for block
copolymersin which the componentsform separated
phases. Using this method we can calculate not only
the total crystallinity of the semicrystalline com-
ponent of a blend or a block copolymer,but also the
weight fractions of differentcrystallinephases in the
case of polymorphic polymers can be estimated.
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