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Abstract. Poly(butylene terephthalate)/polyarylate (PBT/PAr) blends of var-
ious compositions were subjected to a series of mechanical and thermal treat-
ments. The evolution of structure together with dynamic mechanical proper-
ties (DMTA) of produced bristles were investigated. DMTA investigations re-
vealed several transitions in the PBT-rich blends possessing low crystallinity
levels. This is attributed to the occurrence of additional crystallization during
the experiment – a behaviour similar to that of neat PBT. This characteristic
behaviour of almost all linear polyesters should be taken into account when
conclusions about the miscibility of PBT in its blends are drawn based exclu-
sively on the number of glass transition temperatures observed.

PACS number: 83.80.Tc

1 Introduction

Investigations of synergistic processing routes to the obtaining of desired proper-
ties through blending have been the focus of intense research for several decades
[1]. The morphology controls the physical properties and ultimately determines the
commercial potentials of polymer blends. Particular interest is given to the miscible
blends of a crystallizable and an amorphous component such as poly(butylene tereph-
thalate)/polyarylate (PBT/PAr) blends [2-5] where PAr is completely non-crystalline
whereas PBT is semicrystalline. Also, it is shown that blends of PBT and PAr are
miscible at all compositions in the melt or in the amorphous state [2] and once PBT
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crystallizes, separation of the PBT crystalline phase from the PBT/PAr amorphous
phase may occur at slow cooling rates. In these blends, both PBT and PAr chains
coexist in a single phase in the amorphous domains [2].

Polyarylate is among the polymers of interest for high temperature service with
a glass transition temperature Tg = 185–190◦C. This is an amorphous aromatic
polyester being a product of the reaction between bisphenol-A and an equimolar mix-
ture of iso- and terephthalic acids. It has excellent mechanical and flammability prop-
erties and is inherently stable when exposed to ultraviolet radiation. However, it is
very sensitive to common solvents. Thus, blending is a way to improve the properties
of polyarylate [3] and a good candidate for blending is PBT [2-5].

It is known that polyesters such as poly(ethylene terephthalate) (PET) and in par-
ticular PBT may exhibit multiple relaxation (tan d) peaks [4,6] depending on their
thermomechanical history. This may complicate the interpretation of the data taken
on their miscible blends possibly leading to erroneous conclusions about their phase
behaviour, particularly when these blends were subjected to complex thermomechan-
ical processing history. The demonstration of this peculiarity of polyesters, using as
an example the miscible blend PBT/PAr, is the main purpose of the present study.

2 Experimental

The PBT, tradename Celanex, is supplied by Celanese Corp. in pellet form. The
melting point is 225◦C. The PAr, with a tradename Ardel DM100, is supplied by
Amoco Corp. as pellets. It is a copolyester of bisphenol-A and an equimolar mixture
of terephthalic acid with isophthalic acid. PBT and PAr are dried carefully in a vacuum
oven at 120◦C for 24 hours before melt blending and subsequent extrusion.

All measurements are carried out on neat homopolymers PBT and PAr as well as
on their blends prepared by melt blending using a Werner and Pfleiderer 30 mm twin
screw extruder with the following compositions PBT/PAr (wt%): 100/0, 90/10, 80/20,
65/35, 50/50 and 0/100.

The extrusion of the bristles with diameter of 0.62–0.80 mm was performed on an
instrument for melt index determination using fibres (diameter of 0.17–0.26 mm) as
starting material. Before extrusion of the neat homopolymers and blends, they were

Table 1. Sample preparation conditions and composition

Sample composition Undrawn Draw ratio (λ)
PBT/PAr (by wt) (at 25◦C)

100/0 + 5.0
90/10 + 3.5
80/20 + 3.0
65/35 + 2.5
50/50 + 2.1
0/100 + —
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cooled by means of liquid nitrogen and finally ground in a metal mill and thereafter
dried and placed in the barrel of the extrusion apparatus. Before heating the cylin-
der, it was purged with dry nitrogen. The samples composition and their mechanical
treatment are listed in Table 1.

The tensile storage modulus, E′, loss modulus, E′′, and the tangent of the loss
angle, tan δ, of all samples are measured at 5 Hz and heating rate of lO◦C/min from
25◦C to 200◦C using a Polymer Laboratories dynamic mechanical thermoanalyser
(DMTA). Bristles’ lengths varied between 10 and 15 mm. Some of the samples are
thermally treated before measurement in the DMTA instrument.

3 Results and Discussion

3.1 Thermomechanical Characteristics and Their Peculiarities for Some Misci-
ble Polymer Blends

In Figure 1a, the temperature dependence of the storage modulusE′ for undrawn and
unannealed blends of PBT/PAr Table 1) is represented. A rather sharp transition from
glassy to rubbery soft state is observed in all samples. The temperature at which this
transition occurs increases with the increase of PAr content. The glass transition tem-
peratures evaluated from these curves using the derivative of E′ are given in Table 2
together with those derived from the temperature position of the peaks of E′′ and
tan δ. Since E′′ and tan δ curves do not offer any essential additional information,
they are not presented separately.

Figure 1b shows the temperature dependence of the storage modulus, E′, for
drawn and unannealed samples Table 1). Comparison of the results on undrawn Fig-
ure 1a) and drawn Figure 1b) samples, shows that the transition from the glassy state
to the soft rubbery state occurs at higher temperatures and much more gradually in the
case of drawn samples. This behaviour could be attributed to gradual crystallization
of PBT during the DMTA measurement that will be further discussed on the basis of
additional experiments on neat PBT. The resulting Tg values are also listed in Table 2,

Table 2. Glass transition temperatures for PBT/PAr blends of various compositions and treat-
ments

Sample Undrawn Drawn Tg (◦C)
composition Tg (◦C) Tg (◦C) evaluated
PBT/PAr evaluated from evaluated from theoretically
(by wt) E′ E′′ tan δ E′ E′′ tan δ using Eq. (1)

100/0 40.3 42.1 36.1 45.0 54.5 53.1 39.5
90/10 46.8 36.2 43.0 39.5 67.9 54.2 54.5
80/20 40.5 46.6 46.3 54.7 64.7 64.8 69.5
65/35 55.7 68.5 67.6 61.1 68.5 83.3 91.9
50/50 73.6 73.6 92.1 82.8 82.8 111.2 114.4
0/100 188.9 188.9 190.0 193.0 193.0 193.0 189.3
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Fig. 1. Temperature dependences of the storage modulus, E′ for: a – undrawn and unannealed
PBT/PAr blends (Table 1); b – drawn and unannealed PBT/PAr blends (Table 1); the neat PBT
and PAr are also shown in the figure; the compositions (wt%) are indicated on the figures a
and b; c – neat PBT subject to two different pretreatments: (a) – drawn (1 = 5) and unannealed
(Table 1); (b) – drawn and heated up to 170◦C followed by cooling to room temperature prior
to experiments.

together with Tg values derived from E′′ and tan δ curves.
The temperature dependence of the storage modulus E′ for two samples of neat

PBT is displayed in Figure 1c. The first sample (curve (a)) is drawn to 1 = 5 and
subsequently measured “as-is” in the DMTA. In order to ascertain whether or not
additional crystallization occurs during the heating run of the DMTA measurement,
an identically processed sample was heated up to 170◦C, then cooled down to room
temperature and re-run to the completion of the experiment. The resulting curve (b) is
also shown in Figure 1c. One can see that curve (a) is characterized by the presence of
two distinct slopes in the temperature range between 25◦C and 100◦C, while curve (b)
displays only one slope in the same temperature range. The observed differences in
the behaviour of the two samples support the occurrence of additional crystallization
in this temperature range.

In order to verify this assumption, the same two types of measurements as de-
scribed in Figure 1c were performed but this time following the changes in the length
of the sample (displacement) during the measurement. The corresponding curves for
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Fig. 2. Temperature dependence of the displacement for neat PBT differing in the pretreatments:
(a) – drawn (1 = 5) and unannealed (Table 1); (b) – drawn and annealed at 170◦C followed by
cooling to room temperature in the DMTA instrument.

sample (a) and sample (b) from Figure 1c are shown in Figure 2 as curves (a) and (b),
respectively. One can easily see that when a drawn and thermally untreated sample
is used, a continuous shrinkage of the sample is observed over the entire temperature
range applied.

A completely different behaviour is observed in the case of the sample that has un-
dergone preheating (up to 170◦C). Curve (b), representing the second heating (during
the measurement up to 220◦C) of the sample preheated up to 170◦C, shows that the
sample elongates in the temperature range below 170◦C, and begins to shrink above
this temperature approaching the melting range. The behaviour of the first sample
(curve (a)) conforms with a continuous crystallization (between 25 and 220◦C) evi-
denced by the shrinkage of the sample; the second sample shows that up to 170◦C
the thermal expansion dominates and thereafter shrinkage starts, due to overall crys-
tallization of the sample. As a matter of fact, the relaxation of the chains being in
amorphous state also contributes to the observed shrinkage in both cases Figs. 2a and
2b). The higher the temperature the stronger this contribution.

The results displayed in Figs. 1 and 2 are of particular importance when the mis-
cibility of a given polymer blend is concerned.

Let us remind that conclusions about miscibility of polymer blends are usually
drawn from the number of glass transition temperatures, Tg. When two polymers are
miscible, only one Tg is observed, whereas the appearance of two glass transitions or
the broadening of the glass transition region is an indication of microphase segregation
or of complete immiscibility, respectively [1]. According to the common practice, the
temperature corresponding to the maximum in the tan δ curves is considered as the
glass transition temperature of the material. However, it is also possible to evaluate
the glass transition by using the storage modulus E′, the loss modulus E′′ or the
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displacement from the dynamic mechanical thermal analyzer when slight differences
in the values obtained are to be expected.

It is well documented in the literature [7-13] that the value of Tg depends on the
degree of crystallinity since the crystallites affect the flexibility of amorphous chains
within and around them as they naturally restrict their movements by trapping some of
their chain segments. As a consequence, for some polymers such as PET, the Tg curve
goes through a maximum [9,10,12] with the increase of initial sample crystallinity.

Considering the fact that PBT exhibits several relaxation peaks (due to rapid crys-
tallization during the DMTA runs), one should verify to what extent this behaviour
is manifested in its blends. For this reason, before starting the characterization of
PBT/PAr blends of various compositions and treatments, an attempt was made to
check the number of transitions for neat PBT using the DMTA technique. As can
be seen from curve (a) in Fig. 1c, there are two transitions: at around 45◦C and around
85◦C. The lower transition can be attributed to the predominantly amorphous regions
or at least to regions of lower crystallinity. The higher transition appears to be a result
of additional crystallization induced by heating during the DMTA experiment and for
this reason it is not listed in Table 2. This view is supported by the behaviour of the
second, thermally pretreated sample Fig. 1c, curve (b)). Only one transition tempera-
ture at around 64◦C can be seen in this case since no additional crystallization during
the second measurement in the transition interval (up to 170◦C) can be expected. The
higher value of Tg in this case is in accordance with the expectation and arises from
the higher crystallinity of the thermally pretreated sample.

Additional support in favour of the statement that crystallization occurs during the
DMTA run when the starting sample is a low-crystalline one, can be gained from the
displacement measurements, as shown above Fig. 2), although this shrinkage is also
due to relaxation processes in the amorphous areas as well.

It should be mentioned here that quite similar behaviour of neat PBT has been
observed earlier [3]. DSC studies on quenched PBT film tested in a cyclic man-
ner demonstrated that the samples undergo recrystallization/reorganization during the
cyclic DSC scan [3]. For this reason, it is concluded that the first tan δ peak observed
at lower temperature in the PBT/PAr blends is due to relaxation of the amorphous
chains in the amorphous sample while the second higher temperature peak is due to
relaxation of constrained amorphous chains after crystallization [3].

From these experiments (Figs. 1 and 2), one can conclude that the lower transition
region represents the starting structure of the sample and the second one originates
from the increased crystallinity upon heating during the measurements. Only lower
transition values are tabulated (Table 2) because they are considered as more reliable
measures of the effect of composition on Tg .

3.2 Dependence of Tg on composition in miscible PBT/PAr blends

In a blend, if one of the components is crystallisable, a portion of this component will
usually form a separate, purely crystalline phase under favourable thermodynamic
and kinetic conditions. Thus, the Tg behavior should reflect the composition in the
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remaining amorphous phase [14-16].
Let us consider separately the undrawn and the drawn blends.

Undrawn Samples: For all undrawn PBT/PAr samples shown in Fig. 1a, only one
inflection point is observed in the E′ curves leading to a single Tg, which shifts to
higher temperatures with the increase of PAr content. The numerical values of Tg

obtained from E′, E′′ and tan δ (Table 2) are rather consistent. It is interesting to
compare the experimental Tg values with those calculated by means of an equation
derived for miscible two-component systems and thus to obtain an additional proof
for the miscibility of the amorphous PBT and PAr. The following equation is used [1]:

w1(Tg1 − Tg) + kw2(Tg2 − Tg) = 0, (1)

where k is formally equal to DCp2/DCp1. For the calculations, the value of k is
taken to be 1, as it is the case of miscible blends [1]. Tg values for neat PBT and
neat PAr are the average values obtained from our experimental data for the undrawn
samples (Table 2) (T PBT

g = 39.5◦C, T PAr
g = 189.3◦C) which are very close to pre-

viously reported values (T PBT
g = 36◦C [17], 42◦C [3,4], T PAr

g = 190◦C [17], 185◦C
[3,4], respectively). The Tg values calculated for various compositions are given in
the last column of Table 2. The results are closest to those obtained from tan δ curves,
particularly for drawn samples. From these data it could be concluded that the experi-
mentally found Tg for various compositions of PBT/PAr blends are rather close to the
calculated ones, thus confirming again miscibility in all blend compositions.

Drawn Samples: The dependence of storage modulus,E′ on temperature for drawn
PBT/PAr blends Fig. 1b) shows that the transition from glassy to soft state for all
samples is not as rapid as in the case of the undrawn samples, particularly at low PBT
concentrations. Obviously, the rise of PAr content (e.g., the sample with 50 wt% PAr)
significantly restricts the crystallization of PBT due to the spatial separation of the
PBT chains from one another and stiffening of the environment thereby restricting the
self- and cross-diffusion processes which, in turn, further restrict the crystallisability.
In such blends, the transition becomes rather sharp similarly to the cases of undrawn
counterparts. However, a tendency to multiple transitions progressively increase with
the decrease of PAr content. This is primarily a result of increased crystallisability
of PBT in the blends. By taking into s consideration the peculiar behaviour of the
amorphous or low crystalline PBT – tendency to exhibit multiple transitions during
the same run in the instrument – one can avoid misleading conclusions concerning the
miscibility when dealing with PBT-rich blends with low degree of crystallinity.

In uniaxially deformed chains, the flexibility is decreased and one should obtain
higher Tg values as compared to those of undrawn samples. The same is true for
polymer blends. If one of the components has a higher Tg, a restriction imposed to
the flexibility of the other one is expected even in the absence of orientation. Further
drawing amplifies this restriction, resulting in higher Tg values as shown in Table 2.
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4 Conclusions

The following conclusions are drawn from the present study:

1. The polyester investigated (PBT) exhibits more than one transition with the rise
of temperature during the measurement in DMTA instrument as concluded from
E′-,E′′- and tan δ-curves. This behaviour should be taken into consideration in
order to avoid erroneous conclusions concerning miscibility, compatibility and
chemical interactions of blends containing PBT.

2. As the PAr content is increased, the glass transition of the PBT/PAr blends shifts
to higher temperatures in both drawn and undrawn samples. Higher glass tran-
sition temperatures are obtained for drawn samples in accordance with the ex-
pectation.
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