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Abstract

Results of an investigation of isothermal crystallization and melting behavior of both uncured and hexamine-cured novolac/poly(ethylene
oxide) (PEO) blends were reported. The crystallization behavior of PEO in blends is strongly influenced by factors such as composition,
crystallization temperature, and cross-linking. The time dependence of the relative degree of crystallinity deviated from the Avrami equation
at high conversion. The addition of non-crystalline component into PEO caused a depression in both the overall crystallization rate and the
melting temperature. The influence of curing on the crystallization and melting behavior of PEO is rather complicated. In general, curing led
to increase of the overall crystallization rate of the blends, and enhanced the nucleation rate of PEO. The crystallization mechanism of PEO
changed after curing. Curing also resulted in relatively slow depression of equilibrium melting point, and reduced the stability of PEO
crystals in the blends. Experimental data on the overall kinetic rate constant Kn were analyzed according to the nucleation and growth theory.
The surface free energy of folding. showed an increase with increase of novolac content for the uncured blends, whedésslayed a
maximum at 90/10 PEO/novolac composition for the cured ble@dE999 Elsevier Science Ltd. All rights reserved.
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1. Introduction component, which may change the chain mobility and the
free energy of nucleation, and hence have dramatic influ-
In past decades, crystallization kinetics in miscible blends ence on the crystallization of the crystallizable component.
of non-crystalline/crystalline polymers have been exten- Therefore, crystallization in such a system becomes very
sively studied [1-16]. In general, there shows a depressioncomplicated and has to be carefully studied.
in growth kinetics of the crystalline component upon the  Poly(ethylene oxide) (PEO) is a semi-crystallizable poly-
addition of the non-crystalline component. Such a depres- mer and it has been found to be miscible with many other
sion in growth kinetics has been attributed to several polymers [18—20]. Some authors [6,8,14,21] have also
factors—(1) reduction in chain mobility due to an increase studied crystallization kinetics in miscible blends of PEO
of the glass transition temperaturg) of the blends; (2) with other linear polymers. However, to our knowledge,
dilution of the crystallizable component at the growth there is no such a study on thermosetting system. Here,
front; (3) changes in free energy of nucleation due to speci- we select a thermosetting polymer blend system of PEO
fic interactions; and (4) competition between the advancing and cross-linkable novolac resin. The miscibility of PEO
spherulitic front and diffusion of the non-crystalline compo- with other thermosetting resins such as epoxy resin [22—
nent into interlamellar and interfibrillar regions. However, 25], unsaturated polyester [26—29] and novolac resin
the study of the crystallization kinetics for thermosetting [30,31] have been reported by other authors and us. In
polymer blends where one component is crystalline and previous work [31], we established the miscibility of PEO
another is highly cross-linked has received relatively little with novolac resin and found that PEO is miscible not only
attention [17]. In such a system, curing results in chain with uncured novolac resin but also with highly hexamine-
extension, branching, cross-linking and significant changescured novolac resin over the entire composition range. In
in chemical and physical properties of the non-crystalline this work, we will further study the crystallization kinetics
of the uncured novolac/PEO blends as well as the highly
hexamine-cured blends. Special attention will be focused on
* Corresponding author. Fax: 86-551-3631760. the role of cross-linking in influencing crystallization of
E-mail addressguolab@mail.ustc.edu.cn (Q. Guo) PEO in the blends.
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Fig. 1. Development of relative degree of crystallinity with time for isothermal crystallization of the uncured PEO/novolac blends and the HMT&=QuUr

novolac blends.

2. Experimental

2.1. Materials and preparation of samples
The PEO had a quoted number-average molecular weightan Indium standard. The samples were first heated t&CL00

(DSC) was employed to detect thermal transitions and to
monitor the rate of heat flow from the sample during isother-

mal crystallization from the melt. The measurements were
conducted under a nitrogen atmosphere and calibrated with

M, = 18006-20 000 was obtained from Shanghai Reagent and maintained at this temperature for 5min in order to

Inc., Shanghai, China. The novolac resin with a number-aver-remove prior thermal histories. They were then cooled to
the appropriate crystallization temperatLifg, at a rate of

age molecular weightl,, = 565 determined by vapor phase
osmometry was obtained from Hefei Perfumery Factory, 80°C/min. The heat generated during the development of the

Hefei, China. The novolac was used without further purifica- Crysta”ine phase was recorded up to a Vanishing thermal

tion. Hexamine (hexamethylene-tetramine, HMTA) was effect and analyzed according to the usual procedure to
obtain the relative degree of crystallinity, Xt:

&)t

wheret, is the time at which the sample attains isothermal
conditions, as indicated by a flat base line after the initial

spike in the thermal curve.
To observe the melting behavior, the isothermally crystal-
lized samples were reheated to 10Gt a rate of 20/min.

The observed melting temperatufg,, was taken as the

chemically pure and was used as cross-linking agent.
Films of uncured novolac/PEO blends were prepared by
solution casting fromN,N-dimethylformamide (DMF) at
50°C. To remove the residual solvent, the blends were
further dried in a vacuum oven at %D for at least two

Xt = D

weeks.
Novolac/PEO blends formed in DMF were cured with

15 wt.% HMTA relative to the content of novolac in the
mixtures, i.e. with HMTAnovolac= 0.15. The curing
was performed successively at 200for 2 h, at 160C for

2 h and finally at 19%C for 2 h.

2.2. Differential scanning calorimetry
A Perkin—Elmer DSC-7 differential scanning calorimeter maximum of the endothermic transition.
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30 /f— 3. Results and discussion

3.1. Overall crystallization rate

25
Typical crystallization isotherms, obtained by plotting Xt
20 L against timet, are shown in Fig. 1 for various uncured and
HMTA-cured PEO/novolac blends. It can be seen that the
crystallization isotherms display characteristic sigmoidal.
15 - Furthermore, the isotherm curves shift to right along the
time axis with increasing, indicating progressively slower
10 crystallization rate. This means that, in the present experi-
Iy mental conditions, supercooling is relatively lower and
nucleation is dominant factor determining the overall crys-
5 tallization rate. From these curves, the half time of crystal-
lizationty,, defined as the time required for half of the final
crystallinity to be develop, was obtained. Thgare plotted
1 1 1

02;35 25130’/'1 365 310 315 320 _agai_nsfrc for pure _PEO and for various blend compositions
Te (K) in F!g. 2. From Fig. 2, we found that Fhe overaI_I crystal-
lization rate of PEO decreases after incorporating of the
Fig. 2. Half time of crystallizationty, as a function of crystallization non-crystalline component. At constaht the overall crys-
temperatureT,. The pure PEOM), the uncured 90/10€), 80/20 @), tallization rate decreases with increasing concentration of
and 70/30 ¥) PEO/novolac blends, and the HMTA-cured 90/10)(  the non-crystalline component, and it is more significant for
80/20 (1), and 70/30 ¥) PEO/novolac blends. the uncured blends.

Itis believed that in miscible crystallizable/cross-linkable
polymer blends, the cross-linking would greatly reduce the
overall crystallization rate due to the improvementTgf
However, form Fig. 2, it can be seen that the overall
crystallization rate of the PEO/novolac blends increases
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Fig. 3. Plots of logf-In[1 — X))]} vs. log t for isothermal crystallization of the uncured PEO/novolac blends and the HMTA-cured PEO/novolac blends.
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Table 1
Values of the glass transition temperatligethe equilibrium melting temperatuf,’, the stability parametap, and the overall kinetic rate constant Kn and
the Avrami indexn at various crystallization temperaturés

Ty (K)? T (K) ¢ T, (K) Kn (min~" n
Pure PEO 211 349.2 0.192 317 %802 3.0
318 1.6x 1072 34
319 5.2x107% 3.4
320 3.6x10°4 3.9
322 7.3x10°° 3.4
90/10 PEO/novolac blend 261 346.2 0.191 313 >01D 2 4.3
316 1.4x 1072 4.0
318 1.4x107° 3.6
319 4.7x107* 3.4
321 6.7x10°° 2.9
80/20 PEO/novolac blend 255 344.2 0.225 306 1D 2 25
307 1.2 1072 2.6
308 1.2x1072 2.3
309 5.1x 10°® 25
310 2.1x10°% 2.6
70/30 PEO/novolac blend 234 334.3 0.120 285 NI 2.7
286 1.2x10°° 2.7
288 1.5x10°% 25
289 8.0x 107* 2.5
90/10 Cured PEO/novolac blend 237 348.2 0.281 311 x367! 55
313 2.6x1072 55
314 7.1x10°% 5.4
316 1.8x107* 5.4
318 1.5x1077 55
80/20 Cured PEO/novolac blend 238 345.2 0.280 308 x5.8°2 5.0
311 1.2x10°% 5.0
312 3.5x107* 49
313 5.2x10°° 5.0
314 5.2x10°° 5.3
70/30 Cured PEO/novolac blend 237 341.3 0.309 307 X762 5.4
308 3.8x1072 5.0
309 1.2x 102 4.2
311 1.1x10°° 4.6

#These values were taken from previous works [31].

dramatically after curing with HMTA except for the 90/10 Wunderlich also showed that the Avrami equation is usually

PEO/novolac blend. As we have mentioned that the nuclea-only valid at low conversion as larger as the impingement is

tion process is the rate-controlling step under the conditions not serious [36].

we used, therefore, the cross-linking of novolac enhances In order to obtain Kn and, only the experimental data at

the nucleation rate of PEO. low conversion are used. The values of Kn ardktermined
The kinetics of the isothermal crystallization from the by the intercepts and slopes, respectively, of these straight

melt of all the uncured and cured blends was analyzed onlines shown in Fig. 3 are listed in Table 1.

the basis of Avrami equation [32—34]: In almost all cases, the valuesroére non-integer, differ-

. ent from the theoretical prediction [32]. These non-integer
logl=In(1 = Xv] = log Kn + nlogt, @ values are generally accounted for by mixed growth and/or
where Kn is the overall kinetic rate constant, amé the surface nucleation modes. Grenier and Prud’homme [37]
Avrami index depend on the nucleation and growth mechan- found that experimental factors such as erroneous determi-
ism of the crystals [35]. nation of the “zero” time and of the enthalpy of melting of

Plots of log—In(1 — Xt)] vs. logt are shown in Fig. 3. It ~ the polymer at a given time can cause n to be non-integer.
can be seen from Fig. 3 that the experimental data fit the From Table 1, it can also be seen that the value fofr the
Avrami equation only for the early part of the transforma- cured PEO/novolac blends is larger than that of the corre-
tion. The deviation from the Avrami equation at high sponding uncured blends. The n value of the cured blends is
conversion ratio is more significant for the cured PEO/novo- around 5.0, which is essentially invariant with the blend
lac blends. Similar phenomenon of deviation from the composition. The relative large value offor the cured
Avrami equation has been reported by Ong and Price in blends is probably due to the branching mechanism of
poly(e-caprolactone)/poly(vinyl chloride) blends [3]. macromolecular crystals. From the discussion above, it is
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Fig. 4. Plots of the observed melting temperafhevs. T for the uncured PEO/novolac blends and the HMTA-cured PEO/novolac blends. PEO/novolac: 100/
0 (m), 90/10 @), 80/20 ), and 70/30 V).

clear that the crystallization mechanism of PEO in the PEO/ depresses more dramatically for the uncured blends than
novolac blends changes greatly after the curing of novolac that for the cured blends. In Table 1, the stability parameter

with HMTA. ¢ ranges from 0.12 to 0.31, suggesting that the crystals
should be fairly stable. It is interesting to note that, for the
3.2. Equilibrium melting points uncured blends, blending with non-crystalline novolac

decreases thep value of PEO crystals except for the

The maximum of the re-melting DSC-curve was taken as 8o/20 PEO/novolac composition, while the HMTA-cured
the observed melting temperatufi,, corresponding to  PEO/novolac blends have larggr value than that of the
different crystallization temperatu®. Plots of Ty, against  pure PEO and those of the uncured blends. Therefore, the
T, for both the uncured and the cured PEO/novolac blends pgQ crystals in the uncured blends are more stable than in
were shown in Fig. 4. It can be seen tHE}, increases  pure PEO and cross-linking of novolac reduces the stability
linearly with T, in the range ofT, examined. The experi-  of PEO crystals in the blends.
mental data can be fitted by [38—40]:

Th=¢Tc+ A - AT (3) 3.3. Temperature dependence of Kn
whereT! is the equilibrium melting point$ = 1/y is the The kinetic theory of polymer crystallization developed

stability parameter which depends on the crystal thickness, by Hoffman and co-workers [41-43] has been generally
andy is the ratio of the lamellar thicknegsto the lamellar  used to analyze experimental data concerning spherulite
thickness of the critical nucleué” at Te. In Eq. (3), ¢ growth rate. In this theory, the dependence of the growth
assumes the values between 0 and 1, énd 0 implies rate G on the crystallization temperaturg, and on the
Tm = Tm! where ¢ = 1 implies T, = T.. Therefore, the  undercoolingAT = T& — T, is described by the following
crystals are most stable ét= 0 and are inherently unstable  equation:
atgp = 1.

As shown in Fig. 4, the values dfy! can be obtained —AF* —AD"

G = Gy ex ex )

through extrapolating the least-squares fit line of the experi- RT, ks T )

mental data by Eq. (3) to intersect the lineTdf, = T.. The

parameterp can be determined from the slope of the fit line. where G, is a pre-exponential factor that is generally
Both the values of 2! and the values af for all the compo- assumed to be constant or proportionalTip AF* is the
sitions studied are listed in Table 1. A depressiodjfiis activation energy for the transport of crystallizing units
evidently observed for all the uncured and cured blends, andacross the liquid—solid interfaces®” is the free energy
the magnitude of the depression increases with increasingrequired to form a nucleus of critical size; R is the gas constant
amorphous component. It can also be found thatTfie and k is the Boltzman constant. For a polymer-diluent
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system, the Eq. (4) was modified by Boon and Azcue [2]:

—AF” —AQP"
G =v,Gy exp( R—Tc) eXp( KaT, )

)

In Eqg. (5), the pre-exponential factor is multiplied by the
PEO volume fractions,, because the rate of nucleation is

proportional to the concentration of crystallizable units.

0.14

012 |

0.10 |

0.08 |- o)

G, (Jim*)

o
0.06 -

0.04 -

0.02 L L L
60 70 80 90
Wt % PEO

100

Fig. 6. Plots ofo, vs. the weight fraction of PEO for the uncured PEO/
novolac blendsl) and the HMTA-cured PEO/novolac blends)(

According to Boon and Azcue [2M@" in Eq. (5) can be
expressed as:

AP _ Kg N 20T In v, ®)
keT, fTAT | DoAHAT °
Zbhyoo T3
Kg= —2-"¢m 7
g KeAH, (N
2T,
f= 707 8
T+ T, ®)

where Kg is the nucleation factof; is the correction
factor for the heat of fusiony and o, are the inter-
facial free energies for unit area parallel and perpendi-
cular respectively to the molecular chain axig;is the
distance between two adjacent fold planédi; is the
enthalpy of fusion per unit volume of the crystalline
component; and is a coefficient that depends on the growth
regime:Z = 4 in Regimes | and Ill, and = 2 in Regime I
[44—-46].

The transport termAF* in Eq. (5) may be calculated by
means of the Williams, Landel and Ferry relation [47]:

CiTe

AF = L
Co+To— Ty

)

where C; and C, are constants (generally assumed as
4120 cal/mol and 51.6 K, respectively) aifigis the glass
transition temperature whose value are listed in Table 1.
If we assume [48,49] thatr = 0.1byAHs, taking into
account relations (5), (6) and (9), the following expression
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may be written:

C, 0.2T5n v,
f(G)=ING—Inv, + -
©=hG=Invt e 7.7y AT
.~ _ Kg
=INGo~ 77
(10

For the overall crystallization rate, we us&= CKn"
whereC is a constant. Therefore, we have:

Gy

1
= — — 4+ - - @
f(Kn) - InKn —1Inv, RC +T.— Ty

~ 02TR'In v,
AT
Kg
=InA,— . (1)
fT.AT

The plots off(Kn) against I(fT.AT) for both the uncured
and the cured PEO/novolac blends are shown in Fig. 5. The
experimental data fit the straight lines quite well. From the
slopes and the intercepts of these lines, values of Kgignd
can be obtained. By using Eq. (7), the Kg values can further
give the value obr, for all the compositions. In these calcu-
lation, we have employed the followingr = 0.1byAH:;,
Z=4, by=465x10%cm, R= 1.987 cal/(mol K) and
kg = 1.380%x 10 22 J/K.

In Figs. 6 and 7, the values af, and A, are plotted
against composition, respectively. It was be found that the

1717

value of o is 656 x 102 J/n? for the pure PEO, and this
value is comparable with that obtained by Martuscelli et al.
[14] (6.0x10°2J/m) and by Cimmino et al. [6]
(7.5% 1072 JIn?). As shown in Fig. 6,0 increases with
increasing content of the non-crystalline component for
the uncured blends. These findings are probably related to
the fact that during crystallization, non-crystalline mole-
cules may easily form entanglements with PEO molecules
favoring the formation of large loops on the surface of PEO
lamellar crystals. This process will probably cause the
increase of both terms that contribute d¢@, namely the
surface enthalpy and entropy of folding.(= He — TS).

The observation that increases with increasing novolac
content should be ascribed to the fact that the variation of
the enthalpy term overwhelms that of the entropy one.
However, the composition dependence of for the
HMTA-cured PEO/novolac blends is complicated, and
exhibit a maximum at the vicinity of 90/10 PEO/novolac,
suggesting that the entropy term is dominant when PEO
content is less than 90% in the cured blends. The pre-expo-
nential factorA; also depends on the composition, showing
a parabolic curvature for both the uncured and the cured
PEO/novolac blends (Fig. 7). The value of éf the cured
blend is lower than that of the corresponding uncured blend,
however, the value of both the uncured and the cured PEO/
novolac blends is larger than that of the pure PEO.

4. Conclusions

From the results shown above, it can be found that the
crystallization behavior of PEO from the melt is strongly
influenced by the composition, the crystallization tempera-
ture, and the curing. The dependence of the relative degree
of crystallinity on time deviated from the Avrami equation
at high conversion. The addition of non-crystallizable
component into PEO caused a depression in both the overall
crystallization rate and the melting temperature. The influ-
ence of curing on the crystallization behavior of PEO is
rather complicated. In general, curing resulted in increase
of the overall crystallization rate in the blends, and relative
slower depression of equilibrium melting point. The cross-
linking of novolac with HMTA was also found to change the
nucleation mechanism of PEO and enhanced the nucleation
rate. The crystal of PEO in the uncured blends is stable than
that in the pure PEO, while the crystal of PEO in the cured
blends is unstable than that in the pure PEO. The surface
free energy of foldingr, showed an increase with increas-
ing of novolac content for the uncured blends, whereas
displayed a maximum at the 90/10 PEO/novolac composi-
tion for the cured blends. The curing reduced the pre-
exponential factor A
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