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Abstract

Isothermal melt crystallization in poly(butylene terephthalate) (PBT) homopolymers and glass-fiber-filled composite was studied by time-
resolved simultaneous small- and wide-angle X-ray scattering (SWAXS) methods using synchrotron radiation. During primary crystal-
lization, both average long period and lamellar thickness exhibit a significant decrease. During secondary crystallization, the long period and
lamellar thickness show a smaller decrease over a longer period of time, which is approximately linear with log time. Similar to other
semicrystalline polymers, the morphology of PBT formed during isothermal crystallization can be best described by a dual-lamellar stack
model. In this model, primary lamellar stacks are formed first comprising thicker crystalline lamellae, whereas secondary lamellar stacks are
formed laterbetweerthe primary lamellar stacks (as observed by the small change of the interlayer amorphous thickness with time). In
addition, no isothermal lamellar thickening is observed. From SWAXS measurements, the appearance of the SAXS peak appears to occur
prior to WAXD crystal reflection peaks, suggesting that density fluctuations are probably present before melt crystallization. The lamellar
morphology and crystallization rate is found to be a function of molecular weight. The glass filler in the PBT composites has no obvious
effect on the lamellar structure, but it appears to act as a nucleating ay&889 Elsevier Science Ltd. All rights reserved.
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1. Introduction have been investigated using optical microscopy, small-
angle light scattering, and transmission electron microscopy
Poly(butylene terephthalate), PBT, is a commercially [5—9]. Relaxation mechanisms have been investigated by
important engineering polymer with a wide range of appli- nuclear magnetic resonance (NMR) [10,11]. Thermal
cations such as injection molding and extrusion. As a mem- [12,13], mechanical [14,15], and electrical properties
ber of the polyester family, it is also often used as the matrix [16,17] have also been reported. The crystal structure in
material in glass fiber reinforced composites, having attrac- PBT was determined by wide-angle X-ray diffraction
tive mechanical properties, good moldability and fast crys- (WAXD) and further investigated by small-angle X-ray
tallization rate. PBT has some processing advantages ovesscattering (SAXS) [18-21], infrared [22,23], Raman
its chemical relative, poly(ethylene terephthalate), PET [1- [24,25], and NMR [26]. Two crystalline modifications,
3]. The melting temperature of PBT is about 280which is and g3 forms, were found in the triclinic crystal unit cells.
lower than PET, (ca. 27Q), allowing PBT to be processed Theg form occurs only under special processing conditions,
at lower temperatures [4]. In addition, PBT has a lower glass such as application of stress to the unoriented crystal (trans-
transition temperature, a faster crystallization rate, and formation between the form and the3 form is reversible)
approximately the same achievable maximum crystallinity [14,19].
as compared to PET. All SAXS and WAXD studies mentioned above were
Physical properties and morphology in PBT have been performed using conventional X-ray sources. Recently,
studied by a variety of methods, though not as extensively real-time SAXS and WAXD methods using synchrotron
as PET. For example, morphologies of nhormal and anom- radiation have been applied to study the thermal expansion
alous PBT spherulites with different extinction patterns of PBT with temperature from 3& to 235C [27].
Simultaneous SAXS and WAXD methods have also been
* Corresponding author. performed to investigate the melting, reaction and
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recrystallization behavior in a reactive PC—PBT blend [28]. In

this study, our objective is to follow the structure development

of PBT during isothermal crystallization using time-resolved
SWAXS techniques to explore the early stage of primary

crystallization and the late stage of secondary crystallization.

Similar studies in PET [29] and PEEK [30-33] have been

carried out which provided several new insights into the beha-

vior of polymer crystallization. In this work, two PBT homo-
polymers with different molecular weights and one PBT
composite with 30% glass fiber filler were chosen to further
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methods [36,37]:
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Hereq is the scattering vectog(= [27/\]sin(29), where 2
is the scattering angle)(q) is the scattering intensity after
the Lorentz correction an@ is the invariant. The correla-

g(r) = a*(y(r)yar? = — )

examine the effects of molecular weight and glass filler on the tion function is the Fourier transform of the Lorentz cor-

morphological development at the lamellar level.

2. Experimental section

PBT samples under the trade name of V&DS5,
Valox®315 and Valo®420 were provided by GE Plastics.
The weight-average molecular weighit, of Valox®195
and ValoX®315 are 45000 and 105000, respectively. The
M,, of Valox®420 (30% glass fiber filled) may be lower than
its starting compound (Val®315), since mixing can

induce a transesterification process and lower the molecular

weight. All the samples exhibit a melting point at 221—
225°C and a glass temperature at 402@5The polydisper-
sity (M,/M,) in these samples is about 2.

Simultaneous WAXD and SAXS profiles were recorded

using two Braun linear position sensitive detectors (PSD) at ¢—

the Advanced Polymer Beamline (X27C) of the National
Synchrotron Light Source (NSLS), Brookhaven National
Laboratory (BNL). The wavelength of the X-rays, was

1.307 A which was defined by a double multi-layer mono-
chromator. The synchrotron X-rays were collimated with a

three pinhole device [34]. Several data acquisition times
were used: 5, 10 or 20 s (depending on the crystallization
rate). The sample to detector distance for the SAXS mea-

surement is 1715 mm. The angular range for the WAXD
measurement is°8< 20 < 39,

A dual-chamber temperature jump unit was used for iso-
thermal crystallization measurement. Detailed description
of this apparatus has been provided previously [30,35].

Briefly, in melt crystallization study, the PBT sample was
first equilibrated at 26 for 5 min in one chamber and

rected SAXS profile. The interface distribution functig(n)
is the Fourier transform of the interference functiG(n)
[36]:

9(r) = JO G(a)cogqr)da. (3)

Since the SAXS profile can only be collected in a limited
angular range (0.1 nat < g < 2.5 nm™), it must be extra-
polated to both high and lowy values prior to the Fourier
transformation. The extrapolation to the higlvalues was
performed according to Porod’s law.

The measured scattering intensiity{q) includes contri-
butions from liquid-like ‘background’ scatterinig(q) and
finite interface between the two constituting phases. The
scattering intensity in the Porod region thus becomes [38]:

lim os(d) =15(0) + (K/q*)exp( — o”c?) @)

whereo is related to the width of the interface aKds the
Porod constant. The exponential term corrects for the con-
tribution from the crystal-amorphous interface. Instead of
using the conventional method suchlggg® versusq* to
estimate the contributions of and exponential term [39],
the following two criteria based on the interference function
were used to obey Porod's law [40]:

lim G(g)= lim [K K — (Iop@) — 1p(@))q* exp(aq)] =
5)

JO G(a)dg= JO [K = (lons@) — I6(@)q” exp(o®a’)|dg = 0.
(6)

pneumatically ‘jumped’ to a second chamber (aligned in The second criterion (Eq. (6)) is based on the assumption
the path of the X-ray beam) for time-resolved crystallization that the finite transition zone between the two constituting
measurement. The chosen crystallization temperatures arghases has been accounted for and the interface distribution
50, 90, 130, 170, 190, 195 and 200 The transition time to  function will start from the origin ¢(0) = 0). Sinceg(r) is
reach the temperature equilibrium after the jump is 30—90 s. the Fourier transform oB(g), the total area o6(q) will be

In most cases, the initial 90% of the temperature change hadzero.

a rate about 30@/min. At the thermal equilibrium, the The correlation and interface distribution functions must
fluctuation in temperature was usually less than0.5°C. be interpreted with a suitable morphological model. Herein,
we used the finite lamellar stack model, consisting of finite
numbers of crystalline lamellae separated by interlamellar
amorphous layers in stacks. The long spacidy, fioted as

L from now on) can be estimated as the position of the first
maximum in the correlation function. The analysis of the

2.1. SAXS data analysis

The SAXS profile was analyzed via a combination of
correlation y(r) and interface distribution functiomy(r)
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correlation function using this model yields further informa- factor taking into account the corrections mentioned
tion about the average crystal lamellar thickndgs &mor- above and the density conversion from mass to volume.
phous layer thickness,], and linear crystallinity within the
stackx ( = I./L). Note that the analysis of the correlation
alone cannot assign the valuesffpandl .. The justification
for our assignment will be discussed later.

3. Results and discussion

3.1. PBT homopolymer (Val&295)

2.2. WAXD data analysis Typical real-time simultaneous SAXS and WAXD pro-
files recorded during isothermal crystallization of
Valox®195 at 195C are shown in Fig. 1(a) and Fig. 1(b).
After the SAXS analysis, the evolution of morphology vari-

bles of Valo®195 during isothermal crystallization at
170°C are summarized in Fig. 2 (the total crystallization
time was 10 min). Fig. 2(a) illustrates the changes in scatter-
ing invariant Q), long period L, the position of the first
maximum, and_{, twice the position of the first minimum,
in the correlation function), crystal lamellar thicknesg (
and amorphous interlamellar layer thicknek3. (Fig. 2(b)
illustrates the value d and the height of the first minimum
in the normalized interface distribution functiog{.n/Q).
The latter represents the volume fraction of the lamellar
stacks. In Fig. 2(a), we assigned the valued fto be larger
thanl, (I, =1, 1,=1,). As we will discuss later, this assign-

For the WAXD profile, the integrated intensity, peak
position, peak height and peak width for each crystal reflec-
tion peak were extracted by a custom made curve-fitting
program. Two broad Gaussian peaks were used to describ
the amorphous background. All other peaks were also fitted
with Gaussian functions. By dividing the sum of the crystal-
line reflection intensitied,., to the overall intensitylg , an
estimate of the crystallinity .. (by weight) was obtained.
The true value of crystallinity may be higher because the
defects and the thermal distortions in the crystal lattice, and
other factors that can cause a reductionlgfare not
accounted for. The apparent crystallinity is related to the
actual volume degree of crystallinityy,., in the sample
by ¢me = f(T)dy, Wheref(T) is a temperature-dependent

80 a ment can be justified from the experimental data. The
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evolution of these variables for the other temperatures (50,a smaller decay over a longer period of time, which is
90, 130, 170, 190, 195 and Z@) is very similar to Fig. 2. approximately linear with log time. We attribute this stage
For comparison purposes, we have also included Fig. 3(a)to the secondary crystallization stage where the event of
and Fig. 3(b) from isothermal crystallization at 280 forming thinner secondary lamellae dominates. (3) During
Several interesting features in the morphological changessecondary crystallization, the magnitude of the first
during isothermal crystallization of PBT can be found from minimum in the normalized interface distribution function
Figs. 2 and 3: (1) During the initial crystallization stages, the increases (absolute value decreases) linearly with log time
average long periodL(and L) and the average lamellar (Fig. 2(b) and Fig. 3(b)). On the basis of this observation, it
thickness I;) exhibit a significant decrease. We attribute can be concluded that the amount of secondary lamellar
this behavior to the occurrence of the thinner secondary stacks increases linearly with log time.
lamellae within (the lamellar insertion model) or between

(the stack insertion model) the existing primary lamellar (a) 1.0
stacks (the average valueslofandl, decrease as the sec- o X,
ondary lamellae increase) [30,33,35,41,42]. Since the 0.8 ¢ o X,
change in 4 is relatively small, we favor the stack insertion —_—
model for secondary crystallization. We have defined the . 0.6 -
primary crystallization dominant stage as the regirmec( $o4
tc, note the symbol * in Fig. 2(a)) during which the invariant 04 o
Q exhibits a sigmoidal increase with log time. In PEEK
samples, calorimetric study indicated that this regime 027
corresponds to the development of the high endotherm
[43]. Since multiple melting endotherms have also been %0, 80 120 160 200 240
observed in PBT upon isothermal annealing [44,45], we o
believe the same mechanism applies. (2) At the later crystal- Temperature("C)
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Fig. 4. (a) The linear degree of crystallinity within the lamellar stagks (
Fig. 3. Morphological variables during isothermal melt crystallization of (=1,/L) and x., (=14/L)); (b) The mass fraction crystallinity . from
Valox®195 at 136C (a) The values of, LT, |, |, andQ; (b) The height of WAXD; (c) The volume fraction of lamellar stacks in the bulk sample
the first minimum in the normalized interface distribution functigrif.,/ (xs1 (=dmdx11) OF xs2 (=dmdxL2)) as a function of temperature for
Q). Valox®195.
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At this point, we would like to acknowledge the uncer- There are other interesting morphological changes
tainty of the correlation function analysis. Briefly, the ana- observed during isothermal crystallization. First, we note
lysis can yield an average long period, and two average thatL does not correspond tq (Fig. 2(a), Fig. 3(a)). Simi-
values for crystal lamellar and amorphous interlayer thick- lar observations have been made previously in PET [49]. The
nesses [46]. However, the correlation function method can- model calculations by Santa-Cruz et al. [50] and our labora-
not distinguish which value represents which thickness. As tory suggest that ds > L¢, it implies that the thicker phase
stated previously, we select the larger value as the crystalhas a broader distribution of sizes than the thinner phase. In
thickness. Our reasons can be demonstrated in Fig. 4(a—c)this case, the thicker phase corresponds to the crystalline

In Fig. 4(a), we use the plateau valued of; andl, (invar- lamellar phase, and the amorphous layer thickness is char-
iant with time at the late stage of crystallization) for the acterized by a narrower distribution of the thickness. The
justification, and consider two situations: eithgr (= 14/ difference betweeh andL{ gradually decreases when the

L) orx1» (=1,/L) will represent the linear degree of crystal- crystallization temperature decreases (as seen in Fig. 2(a),
linity within the lamellar stacks. In Fig. 4(b$ncisthe mass  Fig. 3(a)), which indicates that the distribution of the lamel-
degree of crystallinity determined from WAXD. We can lar thickness becomes narrower as the crystallization tem-
then definexs: ( = dmdxLy) O xs2 ( = dmdxL2) as the perature decreases. This may be reasonable as we expect the
volume fraction of the lamellar stacks in the bulk sample primary lamellar thickness and the secondary lamellar thick-
(Fig. 4(c)). The small difference between the densities of ness to approach each other at a high degree of supercooling.
amorphous PBT +1.28 g/cnf) and crystaline PBT  Second, we define a characteristic tin @uring isother-
(~1.32 g/cn) [6] suggests that a minor correction to trans- mal crystallization (when the values € L, |, andl, reach

late the mass to the volume degree of crystallinity may be the plateau region), which can be viewed as the time when
ignored. Historically, most authors assumed that the lamel- the primary crystallization stage is completed. The values of
lar thickness could be estimated by multiplying the long tc at different crystallization temperatures are shown in
period and the overall degree of crystallinity Fig. 5. At low temperatures (3G and 90C), the value of
[27,31,32,47,48]. Such an approach precludes the existencéc is short, indicating that the primary crystallization process
of amorphous-rich interstack regions. As a result, the value is fast. At high temperature$; is seen to increase signifi-

of x.» (local fraction) must be approximately equaldq, cantly, indicating that longer time is needed for primary
(bulk fraction), i.e. the volume fraction of lamellar stagks crystallization as expected. In Fig. 5, both final values of
should be 1. However, in Fig. 4(c), at temperatures of long period [*) and lamellar thicknessl {), are found to

20C0°C, 195C and 190C, we found the values ofs, to be increase with temperature, whereas the final thickness of the
larger than 1, which are not physically meaningful. With the amorphous interlayet £) only has a slight increase.
other assignment, the computed valuexfgris always less We now turn our attention to the change of the apparent

than unity. This can be understood by the presence of non-crystallinity with temperature for this polymer. The peak-
crystallized materials outside the lamellar stacks (the value fitting curves for deconvoluting the WAXD profile are
of x.1 becomes larger thanp,.). Furthermore, the
observations of decreasing trendxp, and the increasing

. . 011,100
trend inx, (except the data at 30) with temperature are _
also against the assignmentlefas the lamellar thickness o010 102
(since the crystal thickness is expected to increase with om $ 11
temperature). =
c - -
320 > 121,120,120
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Fig. 6. lllustration of the deconvolution procedure for the WAXD profile
Fig. 5. The variation of morphological variablds(1* andl ;*) andtc (the (Valox®195 crystallized at 19C for 20 min, two broad peaks represent the
time when the primary crystallization is completed) at different tempera- amorphous fraction). The Miller indices of the WAXD reflections are also
tures for Valo®195. indicated.
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isothermal process at different temperatures for V&l®6.

We can also determine the valuetoffrom the ¢ .. profile,
which is similar totc determined from SAXS. Since we
conclude that no lamellar thickening occurs from the
SAXS data, the prolonged isothermal annealing will both
improve the crystal lattice perfection in the existing lamel-
lae and generate new (defective) secondary lamellae.
Because the SAXS and WAXD profiles are collected
simultaneously, it is interesting to compare the time
sequence of the two events. It has been reported that, during
isothermal crystallization from the glass state of PET and
PEEK samples, the SAXS peak appeared before the WAXD
crystalline peaks [51,52]. This suggests that density fluctua-
tions (manifest as SAXS signals) may occur prior to crystal-
lization (manifest as WAXD reflections). Results for this
comparison from isothermal crystallization of Vak®05
at 200C, 195C and 130C are shown in Figs 8—10, respec-
tively. In these figures, only the time-resolved SAXS and

illustrated in Fig. 6. From this analysis, the evolution of the WAXD raw data profiles at the initial stage of crystalliza-

apparent mass degree of crystallinidy,., can be estimated
(Fig. 7). In this figure, large signal fluctuations ¢n,. are

tion are plotted. It is seen that at 2@) 195C and 130C,
the identifiable SAXS peaks appear at 80 s, 60 s and 15 s,

seen, which are due to the relatively low diffraction inten- respectively, but the WAXD crystal reflection peaks appear

sity collected using a short acquisition time. The figgl as

at 120s, 100s and 25 s, respectively. This confirms the

a function of temperature has also been shown in Fig. 4(b). notion that density fluctuations probably exist prior to crys-
This result is in good agreement with that in [6], where the tallization. Recently, Ryan et al. have drawn the same
mass percent crystallinity is obtained by density measure- conclusion from melt crystallization in other polymers

ment. The slight increase @, by the crystallization tem-

[53]. From Figs. 8-10, it is seen that the time lag between

perature indicates that crystal lattice perfection is improved. the first SAXS peak and the first WAXD peaks at high
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Fig. 12. Morphological variables df*, |,* and |,* for Valox®315 and
Valox®195 during isothermal crystallization at different temperatures.

on the molecular weight distribution [56—58]. For example,
in monodisperse fractions and mixtures of monodisperse
fractions of polyethylene (PE), the long period (from
SAXS) is a linear function of the weight average of the
dimensions of polymer coils [55,56]. Using electron micro-
scopy, Voight-Martin [57] has also found that the long
period in monodisperse PE increases with the molecular
weight. In Fig. 11, we compare the time evolution process
of L, I and I, for Valox®315 M, = 105000) and
Valox®195 M,, = 45 000) during isothermal crystallization
at the same temperature. It is seen that hadhdl . increase
when the molecular weight increases, but the valué,of
shows little dependence on the molecular weight. The var-

temperature is longer than that at low temperature. So, as weation of L*, 1.* and | ;* at the final stage of crystallization
retard the crystallization process by raising the temperature,with crystallization temperature is shown in Fig. 12. The
this enhances the occurrence of density fluctuations in theincreases inL* and | > seem to be evident, which are con-

melt prior to crystallization.

3.2. High M,, PBT homopolymer (Val®815)

sistent with the previous report for different polymers [55—
57]. The increase in. by M,, may be explained by the

following viewpoint. As more entanglements of the chains
are encountered in the higher molecular weight sample,

Many physical properties in semicrystalline polymers are longer crystallization time is needed to disentangle the
functions of crystallization temperature and molecular chains for crystallization. As crystallization requires more
weight [54,55]. It was also recognized nearly two decades time to complete (as seen clearly from Fig. 13, wherfor
ago that the morphology on the lamellar scale is dependentValox®315 is much longer than that for Val®x95), the
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Fig. 11. Time evolution process df, I, and |, for Valox®315 and
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Fig. 13. The value ofc of Valox®315 and Valo®195 during isothermal
crystallization process at different temperatures.
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Valox®420 during isothermal crystallization process atZa0 Fig. 16. The value ofc of Valox®315 and Valo®420 during isothermal

crystallization process at different temperatures.
prolonged process can produce a thicker lamellar thickness.
We, nevertheless, acknowledge that kg effect on mor- structure occur when the glass filler is added (except at high
phological parameters in PBT perhaps is not as apparent asemperatures). This phenomenon may be understood by the
the temperature effect. The possibility of transesterification weak interactions between the PBT matrix and the glass
in PBT may also play a role to reduce thk, effect on the fillers. Because the glass fillers have a very large macro-

changes of morphological parameters. structure ¢-1000 nm), they may not impose a direct impact
to the formation of the lamellar structure (2—50 nm). Never-
3.3. PBT composites with glass fillers (Va#d20) theless, the glass fillers are effective nucleating agents to

PBT, which greatly increases the nucleation rate. From the

Generally, PBT is often used with some kinds of glass SAXS data, the parametér as a function of crystallization
fillers added as the property enforcing agents. We are thustemperature is shown in Fig. 16. It is seen tlatof
interested in understanding the effect of glass fillers on the Valox®420 is much lower than that of Val@815, which
crystal structure development. Fig. 14 shows the resultantindicates that the primary crystallization process can be
morphological variablesl( |, and ;) during isothermal completed in a short time with the glass filler added.
crystallization. The sample Val&420 is the mixture of
30% glass fillers with Valok315 (as a result, the molecular
weight of ValoxX®420 may be lower than Val®815 due to
the transesterification process during mixing). In Fig. 14, it
is seen that the three_ Ia_mellar parameters of\ﬁ%ﬁ and The following results have been obtained in the present
Valox®420 are very similar to each other. This suggests that work:
the glass filler does not affect the lamellar morphology in
PBT, and the molecular weight decrease may be small. Thel. Similar to other semicrystalline polymers such as PET
changes of the final average values fdr | * and | ,* are and PEEK, the morphology of PBT formed during iso-
plotted in Fig. 15. Again, no obvious changes in the lamellar ~ thermal crystallization can be best described by a dual-
lamellar stack model. Primary lamellar stacks form first
and consist of thicker crystalline lamellae. During sec-
160 ¢ o ondary crystallization, the secondary lamellar stacks
* valox®315 ‘ probably formbetweenthe primary lamellar stacks (as

4. Conclusions

L 1| |0 Vet observed by the small change in the valuel 9fwith

o thinner long period and lamellar thickness. During this
S 80 stage, no lamellar thickening occurs.

® 2. From simultaneous SAXS—-WAXD measurements, the
o 40 appearance of the SAXS peak is seen before WAXD

reflection peaks, which suggests that density fluctuations
probably exist prior to crystallization.

40 80 120 160 200 240 3. The lamellar morphology appears to be dependent on the
molecular weight. Both long period and lamellar thick-
ness increase when the molecular weight increases, but
Fig. 15. Morphological variables df*, 1,* and |,* for Valox®315 and the thickness of interlamellar amorphous layer shows

Valox®420 during isothermal crystallization process at different tempera- little change with the molecular weight. It is thought
tures. that the more entanglements of the chains in the higher

Temperature(°C)
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molecular weight sample can increase the crystallization
time, leading to a larger lamellar thickness.

The glass fillers in PBT composite do not affect the
lamellar structure development in the glass-filled PBT

3523

[21] Grasso RP, Perry BC, Koenig JL, Lando JB. Macromolecules
1989;22:1267.

[22] Ward IM, Wilding MA. Polymer 1977;18:327.

[23] Dobrovolny-Marand E, Hsu SL, Shih CK. Macromolecules
1987;20:1022.

composite. However, the glass filler seems to act as a[24] Bereton MG, Davies GR, Jakeways R, Smith T, Ward IM. Polymer

nucleating agent, which increases the crystallization rate.
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