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Abstract

The crystallisation of PEEK from miscible blends of PEEK and PEI has been measured and the results analysed in terms of the Avrami
equation and the Hoffman and Lauritzen crystallisation theory. The melting of the crystals was analysed in terms of the Hoffman and Weeks
theory and it was found that thgvalues were in excess of unity. The product of the surface free energies was found and discussed in terms of

the variation in blend compositio® 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction Turnbull and Fisher [6]
The aim in blending different homopolymers is to create _ AEy _AfG 1
new materials with controllable physical properties while 9= o €Xp RT RT @

attaining a significant reduction in cost. It also offers a

systematic way of altering the mechanical and impact prop- where g, is constant,AE,y is the activation energy of
erties without chemical modification. In addition, the phySI- viscous flow andAfG* is the free energy of formation of
cal properties can also be altered by crystallisation of one or the critical size nucleus. As the temperature approaches the
more of the blend components. glass transition, the first term in the above equation is domi-

A blend system that has been frequently studied is that of nant and the rate determining step is the diffusion of chains
the poly(ether ether ketone), PEEK and poly(ether imide), to the growth face. As the temperature approaches the melt-
PEI blend [1,2]. Both are high temperature thermoplastic jng point, the rate determining step is nucleation controlled
materials and are widely used as engineering plastics.and the second term becomes dominant. The opposing
PEEK is a costly material and consequently is only used temperature dependencies of the two exponential terms
in high technology applications such as aerospace materialsyesult in a peak in the plot of growth rate against
In the form of carbon fibre composites such as APC 2, the temperature.
applications are much more varied, in particular the compo-  This model was later refined by Hoffman and Lauritzen
sites have been used in aircraft wing construction [3]. PEEK [7] to describe polymer crystallisation by the introduction of
exhibits good thermal stability, in that it has a glass transi- 3 modified nucleation term. In this modification, three
tion at 143C and a crystalline melting point of 330. regimes of nucleation are possible, each regime predominat-
Poly(ether imide), PEI is less expensive but it has becomeing at different temperatures. At temperatures approaching
more versatile and is widely used as an amorphous thermo-the melting point, each nucleation on the growing crystal
plastic. PEI has a glass transition at 22¢4]. surface leads to rapid completion of the growth strip by

The process of crystallisation in the blend system contain- chain folding prior to the next nucleation event, this is
ing PEEK and PEI has been investigated previously and thereferred to as regime 1. At much lower temperatures there
kinetics were found to be strongly dependent on the blend js prolific multiple nucleation on the growth surface and this
composition. This was ascribed to the miscibility of the s referred to as regime II. Between these two limits there is
blend at all compositions [5]. The growth rate of crystals competition between chain folding and nucleation, growth
and the dependence on temperature was described byn this region is termed regime II.

In this paper, crystallisation half life data previously

* Fax: +44-121-414-5232. reported has been analysed in terms of the Avrami and the
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Fig. 1. Variation of half life with crystallisation temperatufg for blends of PEEK and PEI in the composition range 10—80 wt% PEEK.

growth rates and the product of the surface free energies of The crystallisation and melting of the PEEK component
the PEEK spherulitic crystals have been found and the effectfrom the blends was measured using a Perkin—Elmer
of blend composition on the crystal free energy is discussed.differential scanning calorimeter, model DSC 2B

The melting of the crystals was analysed in terms of the which was interfaced to a personal microcomputer.
Hoffman and Weeks theory. The thermal response of the instrument was calibrated
from the enthalpy of fusion of a known mass of indium

(99.999% pure). The temperature scale of the calori-
meter was calibrated using the melting points of indium,
tin and lead. Plots of actual against experimental melt-
ing points were linear and used to calibrate the calori-
meter temperature directly after correcting for thermal
lag. Corrections were made for thermal lag by extrapo-
lation to zero heating rate.

Samples in the form of discs (1 mm thick and 3 mm in
diameter) were contained within aluminium pans, and an
empty pan was used as a reference. The samples were
first heated to 38 and held at this temperature for
1 min and then quenched in icewater to ensure that the
PEEK component was amorphous. Plots of heat capa-

Blends of both materials were prepared using an APV city against temperature were obtained from the DSC at
model MP2000 twin screw extruder. Moulding pellets of different heating rates. The glass transition temperatures
PEEK and PEI were dried in a vacuum oven at “tBfor were determined directly from a plot of heat capacity
three hours prior to the production of a 50 wt% master against temperature using the method outlined by
batch. Blends containing 2, 5, 10 and 20 wt% PEEK were Richardson and Savill [4].
prepared by dilution of the dried master batch with PEI. The  The crystallisation and melting of the PEEK within the
granules were premixed to ensure good dispersal of theblends were also investigated using a Leitz polarised
components. The extruder was purged with 500 g of PEI light microscope fitted with a Linkam TR600 hot
and the first 200 g of each blend extruded from the die stage. The hot stage consisted of a furnace which was
head were discarded. The barrel temperature was set tdlushed with nitrogen to create an inert atmosphere
38C°C and the flow rate through the extruder was adjusted around the sample. The temperature was controlled to
to maintain a high torque thereby ensuring thorough mixing. 0.1°C up to a maximum of 60C using the Linkam
The moulding pellets produced from the extruder were LK600 controller. The temperature was calibrated
subsequently dried prior to compression moulding at using the melting point of sodium nitrate. A constant
38C°C into sheets (158 150x 2 mm). The sheets were wavelength sodium light source was used to illuminate
guenched into ice/water to prevent crystallisation of the the sample and the transmitted light intensity was
PEEK component. measured with a light dependent resistor. The resistance

2. Experimental
2.1. Materials

A commercial grade of Poly(ether imide), ULTEM 1000,
was used as supplied by General Electrics Ltd. The material
had a weight average molecular weight of 20 kg/mol. Poly
(ether ether ketone), PEEK, grade 450G was supplied by ICI
Ltd, it had a weight average molecular weight of 99.2 kg/
mol.

2.2. Instruments and apparatus
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Table 1
Variation of half life and mechanistic value with crystallisation tempera-
ture for a 50 wt% blend

3. Results and Discussion

3.1. Crystallisation of the blends

TJK ty/min n=*=0.2 .

The technique of DSC was used to analyse the crystal-
566.8 41 2.31 lisation kinetics of blend in the composition range 80—
566.8 41 2.31 40 wt% PEEK. The variation of crystallisation half life
567.8 6.2 2.00 ith lisati » 50 wi% blend i
5687 59 293 with crystallisation temperature for a wt% blend is
569.7 7.4 214 shown in Fig. 1. The crystallisation isotherms were also
570.6 15.7 1.97 analysed in terms of the Avrami equation [13,14,15]
571.6 14.3 1.87 which relates the extent of crystallinit); with time't,
572.5 15.4 1.79
573.5 18.3 1.92 1— X, = exp(—Zt") 2

whereZ is a composite rate constant ands an integer

was measured as a voltage in a bridge circuit and constant which is diagnostic of the crystallisation mechan-
converted to a digital signal by a microcomputer ism. The mechanistic n values determined for the 50 wt%
based analogue to digital converter. The signal was blend are shown in Table 1. These were in the range 2—2.3
displayed as a function of time. and very different from those observed for PEEK alone

The polarising filters in the microscope were crossed to which were found to be in the range 3—4. These values of
exclude the light from the detector, so that the formation of nare consistent with the growth either of homogeneously or
birefringent regions in a crystallising polymer sample depo- heterogeneously nucleated spherulites, but reduced in the
larised the light, thereby resulting in an increase in the case of the blends by the rejection of uncrystallisable PEI.
transmitted light detected. The light intensity with time Composite rate constants were calculated from half tife,
plots therefore reflect the development of crystallinity and thenvalue data by applying the following relationship,
within the sample. This assumption has been shown to be In2
correct by Pratt and Hobbs [8]. Z= o

Sections, 3Qum thick, were cut from moulded plaques of 05
the blends using a Leitz sledge microtome and placed The variation of the composite rate constant with crystal-
between two glass coverslips. The sample was melted atlisation temperature for blends in the composition range
380°C for one minute and then cooled to the isothermal 80—40 wt% PEEK is shown in Fig. 2. The temperature
crystallisation temperature. The resulting light intensity dependence of the half lives shown in Fig. 1 and the compo-
with time plots were then used to measure the crystallisation site rate constants in Fig. 2 can be explained by the existence
kinetics. The melting points of the crystallised blends were of the two competing effects as described by Turnbull and
also determined using Hot-Stage Microscopy. The decreaseFisher. Nucleation control close to the melting point and
in light intensity was recorded as a function of time and diffusion control as the glass transition temperature is
temperature and the melting point was taken as the lastapproached. Competition between the two resulting in a
trace of crystallinity. minimum in the half life and a maximum in the composite
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Fig. 2. Variation of composite rate constant with crystallisation temperdiuier blends of PEEK and PEI in the composition range 10—80 wt% PEEK.
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Fig. 3. Variation of melting point Tm with crystallisation temperatigefor blends of PEEK and PEI in the composition range 5—-80 wt% PEEK.

rate at a temperature midway between the glass transition3.2. Determination of the equilibrium melting point

and the melting point. o _ _
It can be seen that the rate of crystallisation at The equilibrium melting point of the PEEK component

constant crystallisation temperature decreases withWas investigated by applying the melting theory proposed
increasing PEl content, which is the result of the by Hoffmanand Weeks [9]. The melting points of the crys-
increased melt viscosity of the blends. The greater tals. formed by |sqthelrmal crystallisation were plottgd
melt viscosity slows the diffusion of the PEI molecules agdainst th_e crystallisation temperature, the resulting line
away from the growth front giving rise to a slower Was described by,
crystallisation rate. Information on the phase morphol- 1 T
ogy of the blends can also be inferred from this Tm= Tr%(l - @) + ﬁ
evidence. As the crystallisation rate of the blend is
markedly slower than that of pure PEEK, it can be whereg = (c.l/0dl.) ando is the lateral surface free energy,
assumed that the components mix at the molecularlis the lamellae thickness and the subscript e refers to equi-
level and large domains of pure PEEK do not exist in librium conditions, i.e. no annealing. For crystallisation
the blend. under equilibrium conditiong is equal to 1, which corre-
The use of DSC for the measurement of crystallisation sponds to a slope of 0.5 in the above equation. The equili-
was found to be limited by the blend compositions to above brium melting point was determined by the intersection of
40 wt% PEEK, because of the reduced rate of heat evolutionthe above line with theT,, = T; line, when 8 = 1. The
at longer half lives. For this reason, crystallisation in blends Hoffman and Weeks plots for the blend are shown in Fig. 3.
containing 20, 10 and 5 wt% PEEK was investigated using  The g values calculated from the slopes of the Hoffman—
the technique of depolarised light microscopy. The light Weeks plots for the blends were in excess of 1 indicating
intensity at time t, was assumed to be a measure of thethat melting of the thin crystals occurred during the warm-
sample crystallinity. The relative degree of crystallinity, ing process, this was then followed by recrystallisation on

)

X, was then, warming to the melting point. Only the homopolymer PEEK
(I = o) exhibited ap value that tended to 1 and the equilibrium
X = 10 )] melting point was found to be 663 K [10]. This value was

(= lo) used for all subsequent calculations involving the equili-
wherely, I; are the initial and final relative intensities ahd  brium melting point. It can also be seen from Fig. 3 that
is the relative intensity at timeé. These crystallisation  the melting temperature at a given crystallisation tempera-
isotherms were also analysed in terms of the Avrami equa- ture decreases with increasing PEI content, this is consistent
tion and composite rate constants were determined. Thewith PEI acting as a diluent which depresses the melting
variation of the rate constants with crystallisation tempera- point.
ture is also shown in Fig. 2. As in the case of blends in the
range 40-80 wt% PEEK, a maximum rate occurs which 3 3 calculation of the crystal surface free energies
decreases with decreasing PEEK content. This is consistent
with increasing melt viscosity as the level of PEEK The relationship between the linear growth rate and the
decreases. supercooling,AT, has been described by Hoffman and
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Fig. 4. A Hoffman—Lauritzen plot for blends of PEEK and PEI on the composition range 5—-80 wt% PEEK.
Lauritzen as, regime lll is defined by,
® 0
U*/R Kg AbyooeTh
G =Gyexpl —=—— |exp| =—== 6 K= ——1— (7)
0 p( T—Too) p(TATf) © 97 T aHK

The first term describes the increased melt viscosity
and reduced molecular mobility as the temperature
approaches the equilibrium temperaturg, where
molecular motion due to viscous flow ceases. This

temperature is assumed to be 30K below the glass

transition temperatureU” is the activation energy for

whereby is the distance between two adjacent fold planes
which in the case of PEEK is 0.592 nm [11},and o are

the surface free energies per unit area of the crystalline
lamellae that run parallel and perpendicular to the chain
direction, respectivelyAH; is the heat of fusion per unit
volume and k is the Boltzman constant. The heat of fusion

segmental jumps that Hoffman has assigned a value of®f PEEK was taken as 122.5 J/g [12].

6300 J/mol.

The second term accounts for the effect of primary
nucleation on the crystallisation and is dominant at low
degrees of supercoolinghT = T% — T, where T is the
equilibrium melting point. The parametdr= 2T/(T +
T) is a correction factor which accounts for the change
in the latent heat of fusion that occurs with reduced crystal-
lisation temperatures.

The nucleation constarkg is dependent on the surface
free energy of the crystals and the heat of fusion and for

Table 2
Variation of the nucleation constant and surface free energy product with
blend composition

Weight % PEEK Kgx 10°K? goe (X102 Pm™) +0.05
5 7.6+0.1 1.24

10 7.4+0.1 1.14

20 8.1+0.2 1.16

40 6.6+0.3 1.04

60 7.7+1.1 1.19

80 6.4+ 0.1 0.97

The above equation has been modified such that the
growth rate has been replaced by the reciprocal of the crys-
tallisation half life. This enables the nucleation constant to
be found from plots of In (1§s) + U*/[R(T — T.)] against
1/(T/A), the slope of the line being the nucleation constant
Kg. Fig. 4 shows the Hoffman and Lauritzen plots for the
blends studied.

Itis clear that a transition from one regime to another did
not occur in the temperature range studied. Since the grade
of PEEK under investigation contains a high level of added
nucleating agent and crystallisation occurred mainly at high
supercoolings the mechanism is probably that of regime Ill,
in which there is prolific multiple secondary nucleation.
From the slopes of the above lines the product of the surface
free energies was found. The variation of the product of the
surface free energies with blend composition is shown in
Table 2 and Fig. 5.

It can be seen that there is a trend apparent in the variation
of the surface energy product with composition. There is an
indication that increasing levels of PEI result in higher
surface energies. The quantity is mainly determined by
chainfolding, whereas the quantityvaries with the nearest
neighbours and will therefore depend on the composition of
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Fig. 5. Variation of surface energy produetr. with blend composition.

the melt which varies with the composition of the blend. that of pure PEEK, the intersection of this line with the
This is consistent with the melting point depression T, = T. line gave an equilibrium melting point of 663 K.
observed in Fig. 3 and it also reflects the reduced tendency The surface free energies of the crystallites were found by
of PEEK to crystallise from the melt with increased levels of analysing the crystallisation data in terms of the Hoffman
PEI. Hence the surface energy variation is another factor and Lauritzen theory. It was found that there was an increase
that determines the rate of crystallisation of PEEK. in surface free energy with increasing PEI content. This
increase resulted from the increasing amounts of PEI within
the amorphous matrix which also depressed the melting

4. Conclusions points and the reduced the rate of crystallisation.

The temperature dependence of the PEEK crystallisation
rate can be described by the competing effects of nucleation
and diffusion control. The maximum rate occurs at a similar References
temperature for all blend compositions studied, but the
actual rate decreases with increasing PEI content. This can [1] Crevecoeur G, Groeninkx G. Macromolecules 1991;24:1190.

be explained by the shift in amorphous phé’geand the [2] Harris JE, Robeson LM. J Polym Sci, Polym Phys Edn 1987;25:311.
; f ] ] ] ! [3] Cogswell FN. Thermoplastic Aromatic Polymer Composites. Oxford:
corresponding increase in viscosity which reduces the .
. . . Butterworth Heinemann, 1992.
Cham.mOb”'ty anq the resultlng growth rate. o [4] Serfaty IW, Bartolomucci JR. Modern Plastics Encyclopedia. New
While the technique of DSC is useful for determining the York: McGraw-Hill, 1982.

crystallisation kinetics of blends in the composition range of [S] Jenkins MJ, Hay JN. J Therm Anal Cal 1999;56:1081.
40-80 wt% PEEK, the technique of hot stage microscopy [6] Tumbull D, Fisher JC. J Chem Phys 1949:17:71.

] o _ [7] Hoffman JD, Lauritzen JI. J Appl Phys 1973;44:4340.
was found to be more accurate in determining the crystal [8] Pratt CF, Hobbs SY. Polymer 1976:17:12.

lisation kinetics in blends in the composition range 20— (9] Hoffman JD, Weeks JJ. J Res Natl Bur Stand (US) 1962;66A:13.
5 wt% PEEK. This was attributed to the lack of sensitivity [10] Kemmish DJ. PhD thesis, University of Birmingham, 1985.
of DSC to very low heat flows, i.e. below 1 J/h. [11] Hay JN, Kemmish DJ, Langford JI, Rae AIM. Polym Commun
Analysis of the melting behaviour of the blends showed " ,%A%:?zi:zlf- A& Hay IN. Polviner 1963.34:3529
. . . apep s i enmet- an , nay . Polymer ;o4 .
that (.:rystalllsatmn did not occur u_nder equilibrium condi [13] Avrami MJ. J Chem Phys 1939:7:1103.
tions; the slopes of th&, againsfT; lines were not equal to  [14] Avrami MJ. J Chem Phys 1940:8:212.

0.5. The only composition that did show a slope of 0.5 was [15] Avrami MJ. J Chem Phys 1941;9:177.



