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Abstract

Miscibility and phase separation in the blends of phenolphthalein poly(aryl ether ketone) (PPAEK) and poly(ethylene oxide) (PEO) were in-
vestigated by means of differential scanning calorimetry (DSC). The PPAEK/PEOQ blends prepared by solution casti fliomethylform-
amide (DMF) displayed single composition-dependent glass transition temperdi)rasérmediate between those of the pure components,
suggesting that the blend system is miscible in the amorphous state at all compositions. All the blends underwent phase separation at higher
temperatures and the system exhibited a lower critical solution temperature (LCST) behavior. A step-heating thermal analysis was designed
to determine the phase boundaries with DSC. The significant changes in the thermal properties of blends were utilized to judge the mixing
status for the blends and the phase diagram was thus established.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Polymer blends have played the important roles in the de- + C@( \O 2 © C ¢ D L
/

velopment of new materials with designed properties during
the past decadgs,2]. The properties of polymer blends de- ?
pend on the mixing degree of constituent polymers, and it 0
is essential to investigate the miscibility and phase behavior
of blend system§l,2].
Phenolphthalein poly(aryl ether ketone) (PPAEK) is a 1.1. Phenolphthalein poly(aryl ether ketone)
newly developed high performance polynj8f and it has
been used as the matrix of polymer composites due to its ex-  The introduction of the rather bulky and polarizable phe-
cellent mechanical and thermal properties. In the viewpoint Nolphthalein group in place of aromatic ring results in an
of chemical structure, PPAEK can be taken as the modi- increased rigidity of molecular chain, thus the much higher
fied poly(ether ether ketone) (PEEK), and its repeat unit is glass transition temperature (~223) than PEEK was dis-
schemed as the following played. Owing to the presence of the bulky phenolphthalein
moiety, this polymer is no longer crystallizable.
There have been several reports on PPAEK blends
with several other polymergl—10]. It is of great interest

* Corresponding author. Tek:86-21-54743278; to study miscibi!ity and phasg- behayior of PPAEK.With
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flexible low-melting point polyether, PEO. The extremely 2.2. Measurement
high difference of glass transition temperatures ¢A¥
290°C) between the components motivates us to investigate The calorimetric experiments were performed on a
the Ty-composition behavior of the blends. A theoretical Perkin—-Elmer Pyris 1 differential scanning calorimeter in
framework to rationalize the glass transition behavior of a dry nitrogen atmosphere. The instrument was calibrated
binary blend systems with bigjy difference between com-  with Indium standard. In order to measure glass transition
ponent polymers was provided by the free volume theory temperature (d), all the amorphous samples (about 15 mg
proposed by Kovac§ll]. In the present system, it is ex- in weight) were first heated up to the temperatures between
pected that there will be a break in tfig-composition phase separation and glass transition and held for 5min
curve since the free volume of the highy component  to remove the thermal history, followed by quenching to
tends to be zergl1l]. Secondly, the effect of a miscible —70°C. For the crystalline samples (about 10 mg in weight),
and rigid component (viz. PPAEK) on the crystallization of the pre-treatment temperature was taken &t 0wvhich is
PEO is also of interest in the specific crystalline/amorphous above the melting point of PEO (c.a. 85) and below the
blends. lower critical solution temperature (LCST) and the samples

Calorimetric approach has been demonstrated to bewere quenched te-70°C. A heating rate of 20C/min
powerful to investigate miscibility and phase behavior of was used at all cases. Glass transition temperatijends
polymer blends. The measurement of de-mixing heat andtaken as the mid-point of the heat capacity change, whereas
determination of glass transition temperatureg) @y dif- melting temperature ¢f) and crystallization temperature
ferential scanning calorimetry (DSC) have been satisfacto- (T¢) were taken as the maximum of endothermic peak and
rily employed to establish miscibility and phase diagram the minimum of exothermic peak, respectively.
of amorphous polymer blends; the appearance of two sep- Phase separation processes were investigated with the fol-
arateTg during the step-heating DSC scans can be taken aslowing step-heating procedufé2,13]. The samples were
the onset of phase separatidn2]. However, in crystalline  first annealed at a selected temperature for 10 min, and then
polymer blends, it was generally difficult unambiguously to quenched to-70°C. After that, the heating scan was per-
follow the appearance of separdigowing to the high crys-  formed to next higher temperature at ZlYmin and the
tallinity of crystalline component. Nevertheless, the evolu- sample was maintained at this temperature for 10 min, and
tion of other thermal properties, such as thermal enthalpiesquenched. The higher temperature was changed b¢ 119
(AHm, AH¢), melting temperature ¢]) and crystallization ~ terval. This procedure was repeated until the occurrence of
temperature (J) etc., of the crystalline component can al- phase separation was observed. The temperatures of phase
ternatively be exploited to judge phase behavior of blends separation were taken as the annealing temperatures at which
[12,13]. In this work, we report the study on miscibility the thermal properties (e.glg, Tc, Tm, AHm, and AHc)
and phase behavior of the crystalline PPAEK/PEO blends were dramatically changed.
by means of calorimetric measurement; the miscibility, and
phase separation will be addressed.

3. Results and discussion

2. Experimental 3.1. Miscibility of PPAEK/PEO blends

2.1. Materials and preparation of samples All the PPAEK/PEO blend films casting from THF were
cloudy at room temperature and at elevated temperatures,

Phenolphthalein poly(aryl ether ketone) was supplied by suggesting that the blends were phase-separated, which was
Xuzhou Engineering Plastics Co., Xuzhou, China. It has a confirmed by DSC traces and the observation with optical
glass transition temperaturegjTof c.a. 223 C. Gel perme- microscope. However, the transparent films of PPAEK/PEO
ation chromatogram (GPC) measurement indicates that theblends (PEO< 40wt.%) were obtained when cast from
polymer has the molecular weight éf, = 17,000 and DMF. Due to the formation of PEO spherulites, the blends
My /M, = 3.60. Poly(ethylene oxide) was purchased from with PEO content more than 40wt.% are not transparent,
Shanghai Reagent Co., Shanghai, China, and it has a quotegvhich was evidenced by the fact that all the samples became
molecular weight of\f, = 20, 000. transparent when heated up to°@(above the melting point

The PPAEK/PEO blends were prepared by casting from of PEO). The transparency indicates that the PPAEK/PEO
tetrahydrofuran (THF) solution at room temperature and blends present single, homogeneous, amorphous phase,
from N,N-dimethylformamide (DMF) at 50C, respectively. i.e., no phase separation occurs at least on a scale exceed-
The total polymer concentration was controlled within 5% ing the wavelength of visible light. When further heated
(w/v). To remove the residual solvent, all the blend films up to 200°C, however, all the initially clear blend sam-
were further dried in vacuo at 6C for 2 weeks. The blends  ples became cloudy in succession. The careful observation
prepared via DMF solution casting were used throughout with the phase-contrast microscope indicates the formation
the work. of phase-separated structure in the cloudy samples. This
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observation suggests that the PPAEK/PEO blends display acreased with increasing PPAEK content. This observation
critical solution temperature behavior. indicates that the crystallization of PEO becomes progres-
It was noted that phase behavior of the blends is quite sively difficult in PPAEK-rich blends. While PPAEK content
dependent on the selection of casting solvents. The “sol-is more than 50 wt.%, there is no melting transition of PEO
vent effect” on the homogeneity of casting polymer blend in blends because the degree of supercooling Tisg=Tg) is
films has previously been interpreted in terms of the differ- almost nonexistent, i.e., the absence of significant supercool-
ence between the two polymer—solvent interaction parame-ing restricts PEO from crystallization upon cooling from the
ters | y2—x13| or A x| (herein subscript 1 referring to solvent molten state, i.e., the amorphous phase is rigid in the tem-
whereas subscript 2 (or 3) standing for polymer). From a perature range where PEO chains normally rearrange into
ternary phase diagram, a homogeneous system is attainethe 7/2 helical conformation, which is required for crystal-
only with a suitably small difference between interaction lization to occur. In addition, the melting temperaturg,T
parameters |Alyand in addition, a small polymer—polymer of PEO in the blends significantly depressed with addition
interaction parametegos is necessaryl4—19]. The trans-  of PPAEK to the system, suggesting a negative intermolec-
parent blend films prepared via DMF were used throughout ular interaction energy density {B [20,21]. This is charac-

this study. teristic of miscible blends composed of an amorphous and
a crystalline polymer in which the amorphous component
3.1.1. Glass transition behavior possesses a much highgy. It was noted that the experi-

All the blends were subjected to thermal analysis and the mental T, for the blends with higher PPAEK content (30,
DSC curves were shown iRig. 1. It can be seen that each 40, 50 wt.%) were high than those with 10 and 20 wt.% of
blend displayed a single glass transition temperatugg, (T PPAKE. This result could be responsible for the reorganiza-
intermediate between those of the two pure components andion of PEO crystal during DSC heating scan.
varying with the blend composition. In view of the glass Fig. 2shows the plot of crystallinity of PEO in the blends
transition behavior, it is concluded that PPAEK/PEO blends as a function of blend composition, which was calculated
are miscible in the amorphous state, i.e., possess single hofrom the following equation
mogeneous, amorphous phases. (AHf — AH)

From Fig. 1, it is seen that for pure PEO, 10/90, 20/80 Xc = g0 " 100% (1)
PPAEK/PEO blends, no cold crystallization transitions were f
observed since crystallization was sufficiently rapid and oc- WhereX is percent crystallinityAHs and AH. are the en-
curred to completion during the quenching. However, the thalpy of fusion and crystallization of PEO, respectively.
DSC curves of the blends containing 70, 60, and 50wt.% AH? is the fusion enthalpy of perfectly crystallized PEO,
of PEO displayed cold crystallization phenomenon after and has been reported to be 205[2/j. The crystallinity of
glass transition and the crystallization temperature} i(F PEO in the blends containing PPAEK dramatically deviates
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Fig. 1. DSC curves of PPAEK/PEO blends.
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Fig. 2. Percent crystallinity of PEO in PPAEK/PEO blendll) (The data position for PPAEK/PEO blend34-composition relation analysis: (1) Fox
were obtained from quenching 7G and rescanning at 2@€/min; the equation; (2) Gordon-Taylor equation with= 0.24; (3) Braun-Kovacs
dashed line represents the crystallinity of PEO in blends if the crystal- equation withg = —0.0011.

lization process were not influenced by the presence of PPAEK.

from the dashed line, which stands for the crystallinity of _Of thermal expansion on thg;. In general, thik is an ad-
PEO in the blends if the crystallization process were not in- Justing parameter related to the degree of curvature of the
fluenced by the presence of PPAEK, indicating a pronouncedTQ'compgsr';“On curve:bIIDrud Ihommt?l an(;j cohworkﬂri,.%]
inhibition of crystallization by the presence of PPAEK. The proposed that in miscible polymer blends, the quartan

supercooling of PEO crystallization decreased with increas- .be takeln asl a §em|-qqantgat|ve measure of strer}gthlof the
ing PPAEK contents in the miscible blends. The absence Intermolecular interaction between components of polymer

of significant supercooling will restrict PEO from crystal- b:ce(;'gj' ThdehGordon—sz_;:ylé)r fit to thg datahyie;)ldekik\m:)ue d
lization upon cooling from the molten state; the amorphous 0f0.24 and however failed to reproduce the break observe

phase is vitrified and thus crystallinity decreases dramati- n theTg—comeS|t|on varlatlon (S?E'g' 3?' .
cally with increasing PPAEK contents. These classical equations predict tfigincrease contin-

There are several theoretical and empirical equations toqousg (smoothtly) andbmonogomc?lt%/ with blen.;j' composi-
describe the dependence of glass transition temperaturé'o_n' OWEVEr, It was observed that thg-composition vari-
on blend composition. Among them the F{23] and the ation of several polymer blend systems is not monotonic and

Gordon—Taylor[24] equations are mostly used. The Fox exhibits a cusp (or break) at the certain critical composition
equation is shown below ' [27,28]. This phenomenon becomes very prominent when

the Ty difference between the two homopolymers exceeds

1/Ty = W1/Tg1 + Wo/Tg2 (2) 50°C. The classical equations become invalid below a crit-
] ) ) ) . ical temperatureJcyit, since the free volume of the highy
whereW; is the weight fraction of componemtand Tg is component becomes zero. Kovéts] has proposed that the

the glass transition temperature of blend, assuming that theyitical temperatureT,;, and the critical compositiomgi,
specific heats of the two component are identical. For this 5re given by

system, Fox equation failed to fit the experimefiglalues

in the entire composition. The Gordon-Taylor equafi>$] Tait = Tg2 — (fgo/Aap) i Tgo > Ty1 (4)
was also applied to account fog-composition relationship
of the system fg2
Perit = (5)
_ WiTgi + KW> T2 3) Aa1(Tg2 — Tgp) + fgo(1 — Aar/Aaz)
¢~ W1 + kWo

whereAw; is the difference between the volume expansion

Wherek = Aapz/Aap1, and Aay is the difference in  coefficients in the glass and liquid states of component 2 and
the thermal expansion coefficient between the liquid and fy, is the free volume fraction of polymer 2 &f,. Below
glassy state algi. The equation can describe the effects Tei, the Ty of blend is described by
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Ao D1

According to this equation, the blerlg is uniquely deter-
mined by the properties of lowdiy component at tempera-
ture belowTi; or at composition belowi. If there is ex-
cess volume between the two polymers upon mixing, Braun
and Kovacd29] have derived the following equations

D fyg2 + §P1P2

fg2'\ (P2
Ty = Tg1 + (i =2 (6) PPPAEK/PEO 90/10

Ty = Tg1+ (7)
9 9 P1A0 ?9: 220 °C
whereg is an interaction term defined as - ,&r’c/—//\—/’/'/]
(Ve/ V) M
g=—22 8
D1Do

where Ve is the excess volume and the volume of the
blend. The excess volume (g} is positive if blend inter-
actions are stronger than the average interactions between
molecules of the same species, and it is negative otherwise.
Effectively, g is obtained by fitting th@y-composition data

to the Braun—Kovacs equation.

For the present blend system, the composition of the
blends was expressed in terms of volume fraction (SeeFig. 4. Evolution of DSC curves after annealed at various temperatures
Fig. 3). In the calculation, the density vales of 1.13 gi¢or between 150 and 28C for 10 min for PPAEK/PEO 90/10 (wt.) blend.
amorphous PE@B0] and 1.26 g/crhfor PPAEK were used,
which was estimated by group contribution metifi@@]. The
above three different equations were applied to account for as-obtained phase diagram is identical with that obtained by
theTg-composition relationship. On the basis of the classical laser scattering methdd?2].

I R R N R R R R |
-40 0 40 80 120 160 200 240 280

Temperature (°C)

values offg> = 0.025 andAa; = 0.00048 K1, the critical Depending on the blend composition, the changes in ther-
temperature and volume fraction (with respect of PPAEK) mal properties during the step-heating DSC scans can dis-
are obtained to be 440K and 0.73, respectively. Fragn 3, play different features while phase separation occurs, which

it is seen that Fox equation and Braun—Kovacs equation are respectively described as follows.

can well account for th@&g-composition dependence above For the blends with PEO content less than 50 wt.%, no
and belowgcit, respectively. The Braun—Kovacs fit yielded crystallinity was observed in the quenched samples. The
ag value of—0.0011. The negative value suggests that the evolution of thermal properties during the step-heating DSC
blend interaction is fairly weak. It is seen that the crossover scans for these blends can be representatively accounted
from the classical (Fox) limit to the free volume (Kovacs) for by PPAEK/PEO 90/10 (wt.) blend. After annealed at
regime occurred at about 0.74, which is satisfactorily close the specific temperature between 160 and “Z80or 10

to the value of 0.73 predicted by Braun—Kovacs equation. It min and then quenched t670°C, a series of heating DSC
should be pointed out that at the high content of PEO (e.qg., curves for the blend were showed kiig. 4. It can be seen
PPAEK/PEO 20/80 (wt.)), th@y of the blend positively  that when annealed below 180, the DSC scans show no
deviates from the predicted, which is due to the enrichment obvious changes. However, the significant changes were ob-
of the high- PPAEK induced by crystallization of PEO  served, as the annealing temperature is higher thari@80

[31-36]. There appear minor melting transitions of PEO in the DSC
heating thermograms, and the area under the melting peak
3.2. Phase separation in PPAEK/PEO blends increases with increasing annealing temperature, reaching

a plateau when the annealing temperature is higher than
At elevated temperatures, the PPAEK/PEO blends under-240°C (SeeFig. 5). It is seen that the melting temperature
went phase separation. Such reversibility was a typical sig- (Ty,) increases with increasing the annealing temperature.
nature of lower critical solution temperature behavior. In The appearance of the crystallization of PEO in the blends
this work, the LCST behavior was investigated by means of is indicative of the occurrence of phase separation, i.e., the
DSC and the step-heating method was employed to deter-PEO-rich phase was formed from the initial homogeneous
mine the phase boundaries, which was described in detail inamorphous PPAEK/PEO mixture. With phase separation
Section 2. The annealing temperature corresponding to theproceeding, PEO gradually concentrates from the original
first occurrence of the significant changes in thermal prop- homogeneous blends and both the PEO-rich phase and
erties (e.9.,Tg, Tm, Te, AHm, AHc) was taken as the on-  PEO-lean phase are simultaneously formed, resulting in the
set of phase separati¢h2,13]. It has been shown that the appearance of the crystallization and fusion of PEO dur-
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Fig. 5. Plot of PEO fusion enthalpy as a function of annealing temperature Fig. 6. Evolution of DSC curves after annealed at various temperatures
for PPAEK/PEO 90/10 (wt.) blend. between 70 and 21 for 10 min for PPAEK/PEO 50/50 (wt.) blend.

ing the process of quenching and heating run. The highering that_ PEO crystallizes only_during the heatipg run after
the annealing temperature, the larger the under the meltingduenching. When the annealing temperature is°Cleor
peaks, suggesting that the separation occurs more comabove, both the enthalpy valges began to increase dramati-
pletely. Hence, the occurrence of the melting peak at a cally, and.the. enthalpy of fusmn even began to surpass that
particular annealing temperature should be considered aof crystallization. A_t the same time, the cold crystallization
the beginning of phase separation. Fréig. 4, it is ob- temperatures () shifted te lower temperetures whereas the
served thafTy of the blend became broad in the vicinity Melting temperatures gJ) increased (Sekig. 7). These re-
of the onset of phase separation. The width of the g|asssults clearly display that, at a_nneahng tempe.ratures above
transition may reflect the magnitude of local compositional 120°C, PEO began to crystallize not only during the heat-
fluctuations in the polymer blends, implying the relative N9 Scan but also during the quenching process. In other
homogeneity or miscibility of the system. However, the
transition temperatures do not change until the appearance
of a minor melting peak in the DSC curve, indicating the
occurrence of phase separation. With the phase separation
occurring, theTy gradually shift to higher temperature, al- 9 W - 60
though they increasingly became indistinguishable at higher I |
annealing temperature due to its higher crystallinity after
more complete phase separation. It is noted that the second,
Ty, i.e., that of the PEO-rich phase, cannot be sedfign4. 3
It should be pointed out that the heating rescans after the% 30 |
appearance of the melting peaks of PEO does not show thez
cold crystallization of PEO, which indicates that the crys-
tallization of PEO in the newly separated PEO-rich phase or
mainly occurs during quenching process. Similar cases were -
also seen for PPAEK/PEO 80/20, 70/30, 60/40 blends. .30
For PPAEK/PEO 50/50 blend, the amorphous mixture
was obtained after quenching from 70+@0°C in terms
of the comparison of the areas under the crystallization and 60
melting peaks in the heating DSC cur¥ég. 6 shows a se-
ries of heating thermograms of the blend annealed between Annealing temperature ( “C)
70 and 210C. Below 120°C, the endothermic enthalpy Fig. 7. plots of thermal properties as function of annealing temperature
remains unchanged and equals to exothermic one, indicat-for PPAEK/PEO 50/50 (wt.) blend.

120
| PPAEK/PEO 50/50

Temperature ( °C)

- 20

I I U N NS U S
60 80 100 120 140 160 180 200
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Fig. 8. Evolution of DSC curves after annealed at various temperatures
between 70 and 19 for 10 min for PPAEK/PEO 10/90 (wt.) blend.

when the annealing temperature is above A30enthalpy

words, on annealing, two separated amorphous phases ar8f fusion gradually mcreases_Wlth mcreasmg_anneallng
temperature, whereas the melting temperature increases. It

formed, i.e., one is the PPAEK-rich phase whereas the other’

corresponds to the PEO-rich phase. The PEO-rich phase cafs reasonable to believe that the changes of therma_l entha!py
crystallize during quenching process. The cold crystalliza- 3¢ caused by the occurrence of phase separation during

tion of PEO becomes easier, i.e., the inhabitation effect of annealing. Therefore, the phenomenon is indicative of the

PPAEK on PEO crystallization reduces because the contentoccurrence of phase separation. With increasing annealing
of the amorphous component with highy in the newly temperature, the area under the r_neltmg pez_iks increased.
PEO-rich phase reduces. As a consequence, the enthalpy?Nen the annealing temperature is 180or higher, the
values of crystallization and fusion increased, apgin-

creased since more perfect crystals could be formed. It is
assumed that the shift of crystallization peak at a particu- 460
lar annealing temperature can correspond to the beginning

of phase separation. It should be pointed out that annealing

time is another important factor, which also affects the shift, 440 °
and magnitude of crystallization peak after the phase sepa- I /
ration occurs, whereas the parameters of thermal properties, ;
such as enthalpy of fusion (A&H, enthalpy of crystalliza- 20
tion (AH), T¢, and Ty, (SeeFig. 7), remain constant before
de-mixing during the step-heating DSC scans.

In the blends with PEO content more than 50wt.%,
PEO can crystallize during the quenching process. With
increasing PEO content, the crystallization of PEO in the
blends increasingly underwent to completion during the
quenching. Representatively shown Hig. 8 are a series
of DSC curves of PPAEK/PEO 10/90 blend annealed at 350 |
different temperatures ranging from 70 to 280 The plot
of thermal enthalpy of fusion and melting temperature as a
function of annealing temperature is shownHFig. 9. It is 340 : ! : ! : ! : ! :
noted that, at or below 13@, the value of enthalpy almost 00 02 04 06 08 1o
remain constant, which indicates that the composition of the Volume fraction of PPAEK
blends does not change during the annealing process, angig. 10. Phase diagram of PPAEK/PEO blend®) the de-mixing tem-
namely the phase separation does not take place. Howeverperatures determined by DSC.

400 | N .

Temperature ( K)
®

380 -
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