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ABSTRACT: To investigate how the molecular weight of
poly(ether ether ketone) affected the crystallization behav-
ior, the nucleophilic reaction synthetic technology was
used to obtain poly(ether ether ketone) of different molec-
ular weights and the trend of the molecular weight vary-
ing with the duration of the reaction. Furthermore, the
influence molecular weight has brought to the morphology
and the melting behavior was investigated by means of
FTIR, OM, WAXD, and DSC and thoroughly discussed in
theory. Results showed that with the increase of the mo-
lecular weight, the degree of crystalline perfection and the

lamellar thickness descended as well as the radius of
spherulite diminished due to the difficulty of the chain
mobility. Moreover, the melting temperature mounted up
at first then decreased with the growing of the molecular
weight indicating how the lamellar thickness and the melt-
ing heat per unit volume affected the melting behavior
together. © 2009 Wiley Periodicals, Inc. J Appl Polym Sci 114:
2060-2070, 2009
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INTRODUCTION

Poly(ether ether ketone) (PEEK) is a semicrystalline
and high-temperature aromatic polymer with good
thermal and mechanical properties combined with
excellent chemical resistance.'” PEEK has an out-
standing thermal resistance. It can persist for a long
time under 250°C. The momentary using temperature
can reach 300°C. When the temperature reaches
400°C, PEEK can remain stable without decompound-
ing.* Moreover, there are series of mechanical advan-
tages of PEEK such as high strength, high toughness,
high wear resistance, and excellent dimensional sta-
bility.” The excellent chemical resistance of PEEK that
can only dissolve in oil of vitriol is also notable. Since
PEEK has a broad applications as a result of its highly
desirable properties including good processability,
excellent high mechanical strength, and stability in
many harsh environment,® a lot of publications have
devoted to its synthesis methods, crystallization, and
melting behavior as well as the morphology.
Generally speaking, there are two main synthetic
methods of PEEK: the nucleophilic polycondensation
and the electrophonic polycondensation.” In the case
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of nucleophilic reaction, 4,4'-fluoride benzophenone
and hydroquinone have condensation reactions at the
presence of alkali metal carbonate used as catalyst
and diphenylsulfone used as solvent. The reaction
temperature should reach 280-340°C, which is rela-
tively high. John and Philip® invented this synthetic
way above and organized all aspects of study to inves-
tigate how the ratio of K,COj; and NayCO; influenced
the molecular weight distribution. In their research,
one special part focused on the influence on the mo-
lecular weight by the reaction time indicating that the
molecular weight mounted up with the increase of the
reaction time which was one of the bases of our study.
The side reaction can be easily controlled in the nucle-
ophilic reaction method, but the technology is far
more complicated and has quite a high cost.” In con-
trast, the electrophilic reaction which diphenylether
and meta-dimethyl benzene chloride synthesize
under the normal temperature can occur at a more
gentle condition and the cost is low. However, the
side reaction in this reaction system is hard to control,
which affects the output and the quality of the PEEK
products deeply. So the nucleophilic method has been
widely used in the industry by ICI since 1977 instead
of the electrophilic way. By the way, the fully amor-
phous state of PEEK is formed by quenching from the
melt while the maximum crystallization can be
produced by annealing from the melt."’

Over the last two decades, to accommodate
the enormous applications, the crystallization and
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melting behavior have been studied extensively via
differential scanning calorimetry (DSC),"'7'¢ small-
angle X-ray scattering (SAXS) and wide-angle X-ray
diffraction (WAXD),"”* thermomechanical analy-
sis, > transmission electron microscopy (TEM),***
and optical microscopy (OM).*** The process of
bulk crystallization of PEEK was studied through
the separation of the nucleation and growth steps by
Medellin-rodriguez and Phillips.** It was observed
that a first slope at low crystallization times is asso-
ciated with massive heterogeneous nucleation and/
or local-order-promoted primary nucleation of
spherulitic crystal. A second gradual decrement in
intensity follows, showing a logarithmic tendency.
These are associated with the end of the process of
crystallization of primary spherulites and in large
proportion the nucleation and growth, at lower
rates, of sporadically nucleated spherulites. Ivanov
et al.* found two regimes of reorganization behav-
ior evidenced in their study. In the low temperature
interval (temperatures below T, +~ 50), the slow
dynamics of amorphous segments prevents large-
scale rearrangements, strongly limiting the process
of reorganization. At higher temperatures, however,
a larger-scale melting/recrystallization mechanism
sets in. It consists in the recrystallization of whole la-
mellar stacks to give a state of overall lower free
energy, with much thicker and dense crystals sepa-
rated by larger and less constrained amorphous
region of lower T, Recrystallization through the
final melting region of PEEK was confirmed by Wil-
liam and Bryan® via temperature modulated DSC
(TMDSC) over a broad range of annealing times and
temperatures. In the aspect of morphology study of
PEEK, Yongsok and Sehyun® provided valuable in-
formation about the crystal structure and morphol-
ogy by their study of nonisothermal crystallization
behavior of PEEK. As a consequence of heating to
above their normal melting temperature, the mor-
phology of PEEK changes dramatically.®

As the consequence of the large amount of perti-
nent research, people became to know more about
PEEK and make proper and broad applications with
it. Especially in nowadays industrial development,
higher specific strength and more environmental
friendship led to PEEK being adopted for use in
many fields instead of metals. So it is necessary to
have an all-around study on the practical properties
of PEEK. Many articles have put forward that the
thermal and mechanical properties were found to be
strongly dependent on the molecular weight for
polydisperse industrial PEEK samples.®*™® But

n OHOOH +nF—©—co—@—x

except for the work done by Foungins et al.'” which
only focused on the melting behavior of narrow mo-
lecular weight fraction of PEEK annealed from the
glassy state, few studies were devoted to the influ-
ence of the molecular weight of PEEK on its proper-
ties. Accordingly, the present work gives a wholly
study while focusing on the synthesis method of dif-
ferent-molecular-weight PEEK as well as the evolu-
tions of the morphology and the melting behavior
versus molecular weight of the PEEK products
obtained from the synthesis procedure annealing
from the melt by means of FTIR, DSC, WAXD, and
OM. Since PEEK has a good chemical resistance, it
can dissolve in concentrated sulfuric acid. So, the
intrinsic viscosity was chosen to characterize the mo-
lecular weight in this article instead of measuring by
GPC which has a strict impregnant restriction.

EXPERIMENTAL SECTION
Materials and sample preparation

The hydroquinone was obtained from Sinopharm
Chemical Reagent (SCRC). It was recrystallized in
acetone under the protection of N, and dried under
the vacuum condition at 60°C.

The 4,4'-fluoride benzophenone which was pro-
duced for industry was taken from Changzhou Hua-
shan Chemical. It was recrystallized by methanol
and dried under the vacuum condition at 65°C.

Both of the anhydrous potassium carbonate and
the anhydrous sodium carbonate produced for
research were obtained from Sinopharm Chemical
Reagent (SCRC). They were carefully dried at 100°C
before use.

The purity of the diphenylsulfone taken from
Nanjing Shengqi Chemical reached 98%. It was nec-
essary to be recrystallized by acetone and dried
under the vacuum condition at 60°C.

The acetone and methanol used as the solvent in
the recrystallization procedure was produced by
Shanghai Chemical Reagent and Sinopharm Chemi-
cal Reagent, respectively.

The physical parameters of the main reagents
were listed in Table L

Synthesis

The present work used the nucleophilic reaction syn-
thetic technology with 4,4'-fluoride benzophenone
and hydroquinone in the presence of alkali metal
carbonate as catalyst and diphenylsulfone as solvent
to synthesize PEEK.

Nm[‘O; K,COs

diphenylsulfone

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
Physical Parameters of the Main Reagents
Molecular Molecular Densit Melting Boiling
Name\ performance formula weight (g/cm”) point (°C) point (°C) Remark

4,4'-Fluoride benzophenone C13HgF,O 218 106-109 137
Hydroquinone CeHeOz 110 1.332 172 286 Flash point 165°C
Diphenylsulfone C1,H100,S 218 125-129 379
Acetone C3HO 58 0.79 -95 56
Anhydrous sodium carbonate Na,COs 106 2.532 851
Anhydrous potassium carbonate K,CO4 138 2.428 891

4,4'-fluoride benzophenone (117.46 g, 0.54M), hydro-
quinone (59.27 g, 0.54M), and diphenylsulfone
(323.27 g, 1.48M) were charged to a 250-mL four-
necked glass flask equipped with a stirrer, nitrogen
inlet, condenser, and a thermometer. When wholly
protected by Ny, these materials was heated with stir-
ring gradually to 180°C to form a nearly colorless so-
lution and, containing a nitrogen blanket, anhydrous
potassium carbonate (3.72 g, 0.027M) and anhydrous
sodium carbonate (55.49 g, 0.52M) was added. The
temperature was raised to 200°C and maintained
there for 1 h; the temperature then raised to 250°C
and maintained there for 1 h; finally the temperature
raised to 320°C and maintained there for 0.5, 1.5, 2.5,
3.5, and 4.5 h, respectively, the resulting polymers
being in solution at this stage. In the normal tempera-
ture, raved about the hot mixture immediately to a
plate in the 25°C water. The mixture was rapidly
cooled and the resulting solid reaction products were
milled. Diphenylsulfone and inorganic salts were
removed by washing successively with acetone
(twice), water (twice), and acetone (twice). The result-
ing polymers were dried at 120°C.%

Measurements
FTIR

Structural characterization of sulfonated polymer
was done by FTIR.*' The 4.5 h PEEK sample using
KBr pellet was recorded on PARAGON10001 spec-
trometer which was produced by Peakin Elmer.

Intrinsic viscosity measurement

Intrinsic viscosities of PEEK products were obtained
by measurements with Ubisch viscometer of 0.9-1.0
mm and a series of operations.>**** Intrinsic viscos-
ity in this article was measured at 25°C on a solution
of the polymer in concentrated sulfuric acid of den-
sity 1.84 g/cm’®, said solution containing 0.1 g of
polymer per 100 cm® of solution. Then, the average
flowing times of the concentrated sulfuric acid (to)
and the solvent of the five samples (t) which were
~ 2 min were measured by the Ubisch viscometer,
respectively. The relative viscosity (n,) can be
obtained by the formula: n, = t/tp, then we can get
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the reduced viscosity (n%:”’Tfl . On the basis of
the  definition of °the intrinsic  viscosity,
] = limcﬂonfs = limcﬁoh‘%, n—ép and ln% were as-
certained as ordinate as well as the concentration (C)
was deemed as abscissa to create two lines. When C
was equal to 0, their intercept were definitely the
intrinsic viscosity. The results of this article belonged
to k < 1/3 (k is a constant be foreign to the conden-
sations, representing some uncertain physical
meaning including the hydrodynamics and the ther-
modynamic items), in other words, the h‘% — C were
curves bending at the high condensation interval
instead of straight lines. The tangents of the curves
with slopes (B) according with B < 1/2 — k, were
intersected with the 22— C line at the interval of
C < 0. Here, the tangents of the Huggins equation
% = ] + k[n]2C (kM|C < 1) were deemed as the
intrinsic viscosity in this article.

Wide angle X-ray diffraction

D/max-yB produced by RIKAV was used to detect
the crystal structure of PEEK.**** The range of scat-
tering angle was 5.00 < 20 < 90.00° and the scanning
rate was 6.00°/min. It should be noted that the inten-
sity (I) represented by the peak height pointed the
distance between the baseline and the steeple-
crowned point of the diffraction. Meanwhile, full
width at half maximum (FWHM) referred to the
width of the half height peak. Here, we created a
value to present the compositive influence of the in-
tensity and FWHM called the degree of acumination
(DA) obtained by DA = I/FWHM. We can also get
lamellar thickness (Ly) of the five samples from this
measurement by the Scherrer function: Ly = %.
Ly was the average lamellar thickness vertical to the
crystal plane (hkl); & was the wavelength of the X-ray;
0 was the Bragg angle; and the B represented the dif-
fraction linewidth. When the diffraction linewidth
was ascertained as the FWHM, k equaled to 0.89.

Optical microscope

The optical microscope produced by Shanghai Opti-
cal equipment was used to take the micrograph of
the crystal of the PEEK samples.*®
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Figure 1 FTIR spectra of PEEK (4.5 h).

Differential scanning calorimetry

The DSC measurements were made by Peakin Elmer
DSC-6 differential scanning calorimeter operating at
a heating rate of 10°C/min in a heat flux differential
scanning calorimeter working under nitrogen atmos-
phere.”” The scanning scope was 50.0~380.0°C.

RESULTS AND DISCUSSION

White and gray solid carried out at the durations of
reaction 0.5, 1.5, 2.5, 3.5, 45 h, respectively were
obtained as samples. Firstly, FTIR was used to con-
firm that the synthesis products were PEEK. On the
basis of the affirmance, intrinsic viscosity measure-
ment, WAXD, OM, and DSC were taken in order to
get informations about the morphology and melting
behavior of PEEK varying with their molecular
weights.

Structural validation

Figure 1 showed the spectra corresponding to the
PEEK sample whose duration of reaction was 4.5 h.
It had an absorption peak at 1653.62 cm ' due to
C=O0 stretch. The bands at 1600.96 and 1489.88 cm ™"
were assigned to in-plan vibrations of benzene ring
of R—O—R as well as 1310.50 cm ' was engendered
by R—CO—R in-plan vibration of benzene ring. In
addition, the absorption at 1223.62 cm ™! was the
asymmetric R—O—R stretch of aromatic compounds.
The absorptions observed at 1185.41, 1158.83,

1113.05, 1010.27 cm™ ' were the C—H in-plan bend-
ing of aromatic ketone or aromatic ether. The C—H
out-of-plan bending of benzene was characterized
by the absorption peak at 836.76, 766.86 cm™'. Fur-
thermore, the 836.76 cm ' peak also represented the
p-substitute of phenyl ring. In conclusion,

Q
the * OOOOC * struc-

ture existed.

The synthetic method of the PEEK with
different molecular weight and the probable
microcosmic movement

Figure 2 showed the intrinsic viscosity of the five
PEEK samples obtained from the Ubisch viscometer
measurement. Obviously, the [n] increased with the
reaction time from 0 to 3.5 h and leveled off above 3.5
h. It should be noted that in the interval of 0 to 3.5 h,
the intrinsic viscosity increased dramatically espe-
cially from 2.5 to 3.5 h. However, above 3.5 h, the
change of [n] was not sufficient severity to the evolu-
tion of the reaction time. Furthermore, the final
increase of the [n] gradually increased and in the end
reached 1.325. From the Mark-Houwink’s formula:

] = KM*,

in which K was a constant as well as o referred to
the expansion factor related to the morphology of

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 The variation of intrinsic viscosity and the
extremum molecular weight with the reaction time. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

the polymers in the solution, we can extrapolate that
M=(In]/K)"*.

In addition, for most flexible polymers, o is equal
to a value between 0.5 and 0.8. Consequently, when
we let o be 0.5 and 0.8, respectively, the critical
trends of molecular weight varying with the reaction
time was obtained (Fig. 2). The extremum molecular
weight was also monotonically rising throughout the
duration of the reaction from 0 to 3.5 h. However,
when the reaction time was above 3.5 h, the increas-
ing trends of the extremum molecular weight
became unconspicuous as well as the tail ends
reached constants, respectively.

Result of the intrinsic viscosity measurements indi-
cates the evolution of the molecular weight and the
intrinsic viscosity with the increase of the reaction
times. As the duration of reaction increases, a number
of effects become apparent, and in discussing these it is
convenient to divide the trends in Figure 2 into three
groups on the basis of their slopes. Below the 2.5 h, the
changes are gradual for reason that the monomers
firstly become dimmers and oligomers before coming

(a) (b)
Oh — 0.5h — 1.5h

% monomers or end groups

— 2.5h

amee  dimmers

LU ET AL.

into being polymers according to the mechanism of the
condensation reactions. When the dimmers continue to
condense to become polymers, moreover, under the
same temperature, it needs some time for the end
groups of the polymer chains to diffuse in order to en-
counter and react. Therefore, as the reaction time
increases, one period of time, from 2.5 to 3.5 h, with
largest encountering probability of end groups is ascer-
tained, while the intrinsic viscosity and the extremum
molecular weight increasing dramatically. However,
above 3.5 h, the changes of [n] are not sufficient sever-
ity to the evolution of the reaction time as well as the
final [n] reaches to 1.325. This is because of the limited
content of the materials in the synthetic system. Sup-
pose that the reaction time is long enough as well as
the molecular weight also came to a high level, in other
words, the number of the end groups is limited for rea-
son that most of them have already condensed into
long chains. Meanwhile, the viscosity of the synthetic
system increases corresponding to the molecular
weight. Consequently, it is quite difficult for the long
chains to move effectively for further condensation. At
this moment, the increase of the molecular weight is
confined and the trends level off and potentially
approach to a constant in the end of the reaction for
the reasons above. Based on the above interpretations,
we image a microscopic synthetic procedure (Fig. 3).

It can be extrapolated that the duration of reaction
should be seriously chosen in order to get the prod-
ucts of relatively high molecular weight. However,
the optimization of the reaction time depends on the
idiographic condensation system. For example, to
the system in this article, we deem 3.5 h as the
proper time for condensation.

Under the normal condition, PEEK can only dis-
solve in concentrated sulfuric acid. So, GPC and
other normal measurement cannot give the exact
value of the molecular weight baffled by the impreg-
nant problems. However, in Figure 2, concomitant
with the trends of molecular weight, intrinsic viscos-
ity is ascertained to be used for the further discus-
sions of the morphology and melting behavior
instead of the molecular weight.

© (d)
— 35h —— 4.5h

~~~_~ bolymer chains

Figure 3 Microscopic synthetic procedure of PEEK.
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Figure 4 Contrast between the trends of the peak height and the FWHM of (110) fraction and the optical micrographs of
(@) 0.5 h; (b) 1.5 h; (c) 2.5 h; (d) 3.5 h; (e) 4.5 h PEEK samples. [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]

Relationship between the morphology and the
molecular weight of PEEK

The variation of the morphology of PEEK versus
molecular weight could be observed by means of
WAXD and OM. The results from the two kinds of
measurements are in agreement (Fig. 4).

The decrease of the degree of crystal perfection is
detected, which could be accounted for by variation
in the coherence of the degree of acumination of
(110) diffractions from WAXD. The main peak of the

(110) diffractions were very close to those already
published by Rao et al.** PEEK belonged to ortho-
rhombic system and “Pbcn” space group which had
four crystallization peaks whose 20 were 18.76°,
20.62°, 22.90°, and 28.80°, respectively (Fig. 5). From
the function d = Ax.ay/2sin 0,% the interplanar crys-
tal spacing was obtained as 0.472, 0.430, 0.388, and
0.310 nm, respectively. It should be noted that the 20
of the peaks of the WAXD reflection were not influ-
enced by the molecular weight indicating that the

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 WAXD pattern of the five PEEK samples. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

crystal structure type remained the same despite the
changes of the molecular weight. In addition, the
FWHM of the (110) diffraction augmented and the
intensity decreased with increasing molecular
weights (Fig. 6), indicating a higher inner stress,
smaller dimension and lower degree of crystal per-
fection of the crystals. Moreover, the plots of the 3.5
and 4.5 h PEEK samples in the trends of intensity
and FWHM versus intrinsic viscosity (Fig. 6) were
nearly the same mainly because of their approximate
intrinsic viscosities. The degree of acumination of
the five PEEK samples obtained by means of the
equation given in Experimental section, roughly cor-
responded to the trends of the peak height of the
(110) diffraction or, equivalently, to the decrease of
the FWHM of the (110) diffraction versus intrinsic
viscosity. The decreased degree of acumination also
indicated a higher inner stress, smaller dimension,
and lower degree of crystal perfection of the crystals,
which were usually more sensitive to the change in
the molecular weight. The lamellar thicknesses of
the five samples decreased with the molecular
weight. The largest average lamellar thickness
belonged to the 0.5 h sample which was 11.59183
nm. It was nearly twice of the smallest ones
belonged to the 3.5 and 4.5 h samples.

As stated in the results above for the case of
WAXD, the evolution of the peak height and FWHM
indicates a higher inner stress, smaller dimension,
and lower degree of crystalline perfection of the
crystals because of the enhanced intrinsic viscosity
which baffles the movements of the polymer chains
for orderly arrangement. Accordingly, the nearby
segments are inclined to intertwine. This can be per-
fectly validated by the similarity of the peak height
and FWHM between 3.5 and 4.5 h samples due to
their approximate intrinsic viscosity (Fig. 6), indicat-
ing the similar mobility of nearby segments which

Journal of Applied Polymer Science DOI 10.1002/app
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determine the analogical inner stress, crystal dimen-
sion as well as the approximative degree of crystal-
line perfection. It should be noted that the 20 of the
peaks of the WAXD reflection were not influenced
by the molecular weight indicating that the crystal
structure type remained the same despite the
changes in the molecular weight.

The radius and the dimensions of the spherulites
from optical microscopy experiments performed on
crystals of PEEK samples are in a full agreement with
the interpretation presented in the above paragraph
(Fig. 4). The optical studies showed that the crystals
of PEEK were spherulites” with emanant radial
growing fibers that were composed of long strip la-
mellar crystals [Fig. 7(a)]. Among the five samples,
one observed that the crystal of 0.5 h PEEK sample
had the highest degree of crystalline perfection and
the largest radius of the spherulites (Fig. 7). As the
molecular weight was growing, the degree of crystal-
line perfection decreased as well as the radius of the
spherulites became smaller. Meanwhile, the arrange-
ment of the crystal became snatchy but the crystal
shapes were less anomalous. It should be noted that
the radius of the spherulites and the degree of crystal-
line perfection of the 3.5 h PEEK and the 4.5 h PEEK
were nearly the same in respect that their molecular
weight were correspondingly similar as well as the
movements of their chains [Fig. 7(e,d)].

A briefly accepted interpretation of the growing
process of spherulites points out the long strip la-
mellar crystals grow emanantly to the radial direc-
tion at the same speed occurred by the ceaselessly
forked growth for the plunge of the impurities. In
the case of a limited space, the rapidly increasing
crystal dimensions finally make the interfaces anom-
alistic instead of the spherical interfaces*' as evi-
denced by Figure 7(a). Taking into account the
interfaces of two neighbor crystals of low molecular

2800 T T T T g T T T T

2600 4 g P b 0.024

2400 4 | 0022
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7 2000 F0020
5 » z
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Figure 6 FWHM and the peak height of (110) diffraction
for PEEK samples. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Figure 7 Spherulites morphology of (a) 0.5 h; (b) 1.5 h; (c) 2.5 h; (d) 3.5 h; (e) 4.5 h PEEK samples. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]

weight samples, there are planes vertical to the line
connectings of these two crystal cores which can be
another support to the existence of slpherulites rather
than any other kinds of crystals,* although their
shapes are anomalous. Moreover, the anomalistic
interface of the low molecular weight samples indi-
cates a high growing speed of crystals. In contrast, if
there are lots of crystal nucleus and the crystal
growing speeds are not fast enough, the crystal
dimensions usually appear smaller and have spheri-
cal interfaces. Concomitant with the increase of
molecular weight, the spherulite diameters turns
smaller because of the low growing speed occurred

by the decreasing mobility of the nearby segments.
It should be noted that the high molecular weight
samples seem having more crystal nucleus in the
same area also because of the difficult mobility of
the nearby segments which is propitious to the stabi-
lization of crystal nucleus. As a result, the crystal
shapes of high molecular weight samples are more
inerratic, in other words, their spherical interfaces
are more obvious than that of the low molecular
weight samples. Corresponding to the similarity of
the peak height and FWHM of (110) diffraction of
WAXD between 3.5 and 4.5 h samples [Fig. 4(d,e)],
the morphology of their crystals are nearly the same

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 Lamellar thickness versus intrinsic viscosity.

which can be another circumstantial evidence of the
above interpretations.

The dramatic variation of the lamellar thickness of
the five samples with the molecular weight is
another perfect circumstantial evidence to the explo-
ration of the evolution of the degree of the crystal
perfection and the radius of the spherulites versus
molecular weight above. As the molecular weight
increases, the lamellar thickness dramatically
decreases from 11.59 to 5.87 nm, indicating the
enhanced difficulty of the crystallization and more
discontinuousness of crystalline zones in the struc-
ture of the spherulites. The long strip lamellar crys-
tals growing emanantly to the radial direction turn
to thinner with the increasing molecular weight
because of the reduced mobility of the polymer
chains. In another aspect, the results also validate
the trend of melting temperature with molecular
weight in the following paragraph. Meanwhile, we
can give a trend (Fig. 8) of the lamellar thickness
with the intrinsic viscosity to be a reference of the
following studies.

In conclusion, the growing of the crystal is more
difficult with the augment of the molecular weight.
This can be of grate importance for the interpreta-
tion of the thermal and mechanical properties of
PEEK which have different molecular weights and,
in particular, for the understanding of the different
applications.

Relationship between the crystallization behavior
and the molecular weight of PEEK

The trend in Figure 9 indicated that the evolution of
the T,, increased first then decreased with the
change of molecular weight. As the molecular
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weight increased, a number of effects became appa-
rent, and in describing these it was convenient to
divide the samples into two groups on the basis of
the monotonicity of the T, trend. T,, was enhancing
at the range of [n] being 0.155 to 0.282 and
decreased when the [n] was above 0.282 shown in
Figure 9. Although in this case the melting tempera-
ture of [n] = 0.282 sample was highest, this cannot
prove itself the extremum among all the melting
temperature of PEEK with intrinsic viscosity at the
range of 0.155 to 1.325. Rather, more samples should
be prepared and measured by DSC in order to
approach the real extremum of T, over this intrinsic
viscosity range.

The trends of melting temperature with molecular
weight invested here are nearly the same to those
already published by Fougnies.'” Although the
five samples have different molecular weight,
their molecular structure same

quently, they have the same tacticity mdlcatmg
they can overlap their chains at the same difficulty.
Therefore, it can be extrapolated that the variation
of T, is mainly caused by the difference in the
chain lengths. Meanwhile, from the theory created
by J.I. Lauritzen and J.D. Hoffman: T,, = T%(1-2c,/
IAh),*! in which Ah means melting heat in unit vol-
ume; o, represents the fold surface energy per unit
area; TY, is the melting temperature when the lamel-
lar thickness is oco. As the molecular weight
increased, a number of effects become apparent,
and in discussing these it is convenient to divide

349
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Figure 9 The variation of the melting temperature with
[n]. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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the samples into two groups on the basis of the
monotonicity of the T, versus molecular weight. In
the increasing interval, it is supposed that although
the lamellar thickness is the largest (Fig. 8) as well
as the crystalline perfection is highest (Fig. 4), the
molecular weights are too low so that the chain seg-
ments are too short and apt to start moving which
reduce the melting heat in unit volume (Ah) to an
adequately low level, bringing on the relatively low
T,, of 0.5 h PEEK samples. In contrast, in the
decreasing interval, the chain mobility is certainly
restricted by the high viscosity caused by large mo-
lecular weight which baffles the forming of perfect
crystal with large lamellar thickness while also
results in a relatively high Ah. So, the melting tem-
perature descends with increasing molecular
weight. Generally speaking, the melting heat in
unit volume (Ah) and the lamellar thickness (I)
influence the T, together.

CONCLUSIONS

The morphology and melting behavior of PEEK
were found to be strongly dependent on its molecu-
lar weight while molecular weight was quite influ-
enced by reaction time of the synthesis. Mainly, the
crystalline process was found to be hindered by the
presence of entanglements and mobility of the poly-
mer chains. As a consequence, the lamellar thickness
and radius of the spherulites shifted to small scales
with increasing molecular weight while the crystal
perfection turned to a low level. Moreover, for a
given annealing condition, the trend of the melting
temperature was also dependent on the molecular
weight, suggesting the existence of different distri-
bution of the lamellar thickness and the melting heat
per unit volume in the various samples before the
DSC scan. On the basis of various findings, we can
conclude that (i) the long duration of the reaction
redounds to enhance the encounter probabilities of
the end groups inducing the increase of the average
polymer chain length and molecular weight; (ii) the
degree of crystalline perfection, the lamellar thick-
ness, and the radius of the spherulites are found to
strongly decrease with the increasing chain length
due to the presence of the chain entanglements and
the locomotor difficulty; (iii) the melting temperature
is relevant to the molecular weight due to different
lamellar thickness and melting heat per unit volume
induced by mobility of the polymer chains. It seems
that many morphological parameters such as lamel-
lar thickness and radius of the spherulites are gov-
erned by the chain length and more directly by the
mobility during its crystallization. Moreover, the
melting behavior directly depends on the morpho-
logical parameters and thermodynamic parameters.

In balance, all the essentials lie on the molecular
weight.

The authors thank Sun Lanhui for assistance with the
experiment.
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