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H I G H L I G H T S

• New evidences of PEI/PBT blends immiscibility are shown.

• Morphological evolution is described in the entire compositional range.

• A new spore-like morphology is introduced.

• Mechanical, thermal, and flammability performance strongly depends on morphology.

• PEI improves thermal and flame resistance of PBT and enhances charring formation.
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A B S T R A C T

Binary PEI/PBT blends are prepared using a two-step melt processing method. Miscibility study by MDSC and
DMA reveals partial miscibility, and new evidence on the morphological evolution of PEI/PBT blends is pre-
sented. Two groups of blends are recognized: PBT-rich blends and PEI-rich blends, as well as phase inversion at
concentrations close to 50wt% of PEI. Mechanical, thermal, and flame resistance performance is influenced by
blends morphology, and an opportunity for tailoring blends properties is recognized. Tensile modulus shows
synergic contribution for 50/50 and 80/20 blends and yield strength is strongly affected by interfacial adherence
between constituents. In addition, elongation at break is compromised by PBT-rich blends morphology, and by
PEI-rich blends densification. The 50/50 blend exhibits the best elongational at break result due to its co-
continuous morphology. Thermal stability and flammability tests reveal that PEI improves the thermal resistance
and charring of PBT, particularly for 50/50 blend.

1. Introduction

Fabrication of protective elements for automotive, aerospace, elec-
trical and fire protection industries require applying light materials
with outstanding mechanical, thermal, and fire resistance performance.
However, commonly used materials such as poly(benzimidazole) (PBI),
poly(phenylene sulphide) (PPS), poly(vinyl chloride) (PVC), and mod-
acrylic, lack all these properties by themselves [1]. Fabrication of high-
performance polymer blends (HPPB) appears as an attractive opportu-
nity to obtain materials that combine superior properties with good
melt processability [2,3]. The high-performance polymers (HPP) family
comprises three main groups: engineering, specialty, and ultra-high
performance polymers [4]. Engineering polymers exhibit high me-
chanical performance and good processability. However, they cannot
be used in demanding applications that require continuous use

temperatures (CUT) higher than 140 °C. This group mainly involves
poly(amides) (PA), poly(carbonates) (PC), poly(esters) (PBT, PET,
PTT), and poly(acetal) (POM). On the other hand, specialty and ultra-
high performance polymers, such as poly(fluoro carbons) (PTFE,
PVDF), sulfur-containing polymers (PPS), poly(imides) (PI, PEI), and
poly(ether ketones) (PEEK), have excellent mechanical properties and
thermal stability, and some of them display inherent flame resistance
with CUT that can reach up to 240 °C [2,5,6]. However, it is difficult to
work with these polymers due to their poor melt processability and high
costs. Despite the expected benefits of combining HPP in a single ma-
terial, most efforts in blending technology are focused on the produc-
tion of commodity polymer blends [7–12].

Blending poly(ether imide) (PEI) with poly(butylene terephthalate)
(PBT) is a good example of combining high-performance materials with
good processability. PEI is an amorphous specialty polymer with high
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glass transition temperature (Tg) (∼216 °C), exceptional mechanical
properties, thermal stability, and inherent flame resistance; while PBT
is a semicrystalline engineering polymer with low Tg (∼50 °C), out-
standing chemical resistance and mechanical strength. Blends between
PEI and PBT have been studied by different processing techniques in-
cluding melt processing [13–17]. These authors described complete
miscibility within the entire compositional range by means of DSC,
DMA, or FTIR analyses, regardless the blending method used: solution
or melt blending. Some of these works, evaluated miscibility by thermal
analysis and found that Tg and cold crystallization temperature (Tcc) of
PBT shifted to higher temperatures as a consequence of increasing
chains stiffness during PEI addition [14–16]. Woo [14] complemented
the thermal analysis results with optical microscopy and SEM ob-
servations, finding transparent and homogeneous phases. However, the
morphological evaluation presented lacks clear evidence of phase dif-
ferences between PEI and PBT, and it is not possible to conclude if these
polymers are truly miscible.

In this work, we develop high-performance PEI/PBT blends within
the entire compositional range using the two-step processing method
described in our previous work [18], and approach a miscibility study
by thermal analysis using modulated differential scanning calorimetry
(MDSC) and dynamic mechanical analysis (DMA). We track the Tg of
both components, since a single Tg is the most widely accepted criteria
for miscibility [19–23]. Miscibility results are compared to structure
and morphological evolution study in the entire compositional range by
using Soxhlet selective extraction technique together with SEM and
TEM. In addition, we report for the first time the effects of miscibility
and morphology on the mechanical, thermal stability and flammability
behavior of PEI/PBT blends, and identify an opportunity to control
their morphology in order to tailor the properties for specific high-
performance applications.

2. Experimental

2.1. Materials and blends fabrication

Two commercial grade polymers were purchased from Sabic
Innovative Plastics: poly(ether imide) (PEI) Ultem 1000, and poly(bu-
tylene terephthalate) (PBT) filled with a flame retardant additive
(brominated and antimony trioxide compound) Valox 310SE0. Binary
blends between PEI and flame retarded PBT were prepared in an in-
ternal mixer by using the two-step processing method described in our
previous work [18]. Blends were designated as PEI/PBT according to
the weight percentage, and two groups of blends: PBT-rich blends
(< 50wt% of PEI) and PEI rich blends (> 50wt% of PEI) were dif-
ferentiated.

2.2. Miscibility study

Tg of both components were tracked using modulated differential
scanning calorimetry (MDSC) and dynamic mechanical analysis (DMA).
MDSC tests were performed in a DSC Q200 from TA Instruments.
Samples of 20±1mg were set up from 0 °C to 290 °C at 20 °C/min,
followed by cooling to −30 °C at 20 °C/min, and a second heating was
made in modulated mode up to 300 °C at 2 °C/min with an amplitude of
±1.27 and a period of 60 s.

DMA experiments were completed under torsional mode using the
solid clamps assembly of a HAAKE MARS III rheometer from Thermo
Scientific. Injected molded samples were obtained in a HAAKE MiniJet
Pro Injection System from Thermo Scientific using a cylinder tem-
perature from 270 °C to 360 °C, molding temperature of 120 °C, injec-
tion pressure from 400 bar to 550 bar with a holding time of 6 s, and
post pressure from 300 bar to 550 bar with a holding time from 2 s to
6 s. A complete description of injection parameters for each blend is
presented in the Supplementary Material Section. Samples were cut up
to 8×10×4 ± 0.2 mm and heated from 30 °C to 250 °C at 5 °C/min. A

frequency of 1 Hz and strain of 0.5% were used to ensure the linear
viscoelastic region. Samples were preconditioned before testing within
a strain program from 0.1% to 1.2% at 30 °C.

2.3. Viscoelastic properties

Complex viscosity and storage modulus were measured by means of
a Physica MCR 501 rheometer from Anton Paar. Discs of 20mm dia-
meter and 2mm width were obtained by injection molding in a HAAKE
MiniJet Pro Injection System from Thermo Scientific using a cylinder
temperature from 270 °C to 350 °C, molding temperature from 120 °C to
210 °C, injection pressure from 400 bar to 500 bar with a holding time
of 6 s, and post pressure from 300 bar to 500 bar with a holding time of
2 s. A complete description of injection parameters for each blend is
presented in the Supplementary Material Section. A parallel-plate
geometry was used with a gap of 1mm under a nitrogen atmosphere at
a constant temperature of 280 °C. Strain sweeps were performed at
different angular frequencies to define the linear viscoelastic region
(LVR). Small amplitude oscillatory shear (SAOS) experiments were
performed at 0.1% of amplitude in a scanning range from 300 rad/s to
0.1 rad/s. All specimens were vacuum dried at 110 °C during 16 h be-
fore LVR and SAOS tests to avoid the hydrolytic degradation of PBT.

2.4. Morphological analysis

Morphological evolution was studied using a scanning electron
microscope SEM JOEL JSM-7100 and transmission electron microscope
TEM Tecnai G2 F20 from FEI. SEM samples were immersed in liquid
nitrogen for 20min, mechanically cryofracture, and later coated with a
gold layer. Selective dissolution of PEI phase was made by using the
Soxhlet extraction technique. Samples were vacuum dry at 100 °C
during 8 h to remove the excess of solvent. TEM samples were cut at
room temperature in thin sections of approximately 60 nm thickness,
using a Leica ultramicrotome coupled with a diamond knife. Image J
software was used on SEM and TEM images processing to evaluate the
shape of morphologies and particles size distribution. The number-
average diameter (Dn) and volume-average diameter (Dv) are calcu-
lated using Equation (1) and Equation (2), and at least 100 particles
were considered for this purpose.
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2.5. Mechanical performance

Tensile tests were made according to ASTM D638 – 14 standard.
Type V samples were injected molded in a HAAKE MiniJet Pro Injection
System from Thermo Scientific using the same injection parameters as
those previously described for DMA specimens. Samples were tested in
an Instron 3366 at a crosshead speed of 1mm/min using an ex-
tensometer with a gauge length of 10mm. At least five specimens of
each blend were measured and the average values were reported.

2.6. Thermal stability and flammability

Thermal stability of PEI, PBT, and PEI/PBT blends was studied in a
TGA Q500 model from TA Instruments on samples of 40 QUOTE 2mg,
within a temperature range from 25 °C to 900 °C at a heating rate of
10 °C/min. All thermal evaluation tests were performed under nitrogen
atmosphere.

Horizontal burning (HB) tests were performed according to the
Underwriters Laboratories standard UL94 for “Plastic Materials for
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Parts in Devices and Appliances”. Bars of 125× 10×3 mm were ob-
tained by injection molding in a HAAKE MiniJet Pro Injection System
from Thermo Scientific using the same injection parameters as those
previously described for DMA specimens, and at least three samples
were tested for each blend. Flame traces in all samples were video and
photographically recorded.

3. Results and discussion

3.1. Miscibility study

In Fig. 1, the MDSC results show that Tg of PEI (215.7 °C) and
melting temperature (Tm) of PBT (222.5 °C) overlap in the range

between 213 °C and 225 °C, hiding the Tg variation of PEI. Therefore,
the following discussion will be focused on the Tg changes of PBT.
Fig. 1a) shows that Tg of PBT shifts from 51.8 °C to 58 °C for PBT-rich
blends, and that PEI-rich blends no longer exhibit thermal transition of
PBT in this temperature range. The baseline variations for PEI-rich
blends between 136 °C and 161 °C suggest that Tg of PBT shifts to
higher temperatures as a sign of partial miscibility between both
phases. The exothermic signal observed before the Tm of PBT in blends
with 40, 50, 60, and 70wt% of PEI, corresponds to Tcc of PBT. Tcc is
characteristic of polymers that have passed through a quenching
thermal treatment during cooling and appears at temperatures higher
than Tg and lower than Tm [24]. When the quenched-in amorphous
structure becomes mobile enough, crystallization occurs during heating

Fig. 1. Miscibility study of PEI/PBT blends from MDSC thermal analysis. Thermal transitions are presented during: a) the second heating on modulated mode
(MDSC), and b) cooling. The data was reorganized on the y-axis.

Fig. 2. Miscibility study of PEI/PBT blends from DMA analysis performed under torsional mode. It is presented: a) the storage modulus (G′) and b) tan (δ). The data
was reorganized on the y-axis.
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giving rise to an exothermic response. PEI/PBT blends in this work are
cooled in air after the mixing process, and no thermal treatment is
performed before DSC tests. However, PEI solidification takes place
before that of PBT limiting its mobility and avoiding its crystallization,
which leads to an “in-situ” quenching on PBT structure. Tcc is no longer
observed in 80/20 blends as a sign of stronger molecular interaction
between amorphous domains of PBT with PEI phase, and hence, of
higher miscibility.

Fig. 1b) shows that the crystallization temperature (Tc) peak of PBT
(196 °C) decreases with the increase of PEI concentration, being almost
inhibited in 70/30 and 80/20 blends. The crystallinity of PBT phase
—calculated from the melting peaks in Fig. 1a) using a 100% crystalline
PBT with heat of fusion of 145 J/g [25]— is reduced from 18% for pure
PBT, to 6% for 70/30 blend and 0.8% for 80/20 blend. This effect is
caused by the segregation of PEI into the amorphous domain of PBT
phase, which enriches the total amorphous domain of blends. Similar
results were found in previous works on PEI/PBT blends [13]. However,
authors reported Tc shifts to lower temperatures as a sign of miscibility.
In our results, the dashed vertical line shows that Tc remains invariable.
In contrast to other author's findings [13–17], PEI/PBT blends obtained
under the experimental conditions used in this work are partially mis-
cible at high PEI composition.

Fig. 2 shows the DMA results for pure PEI, PBT, and their blends. Tg
values are calculated from the onset of the storage modulus G’. The
thermal transitions of pure materials obtained by DMA are in good
agreement with those from DSC results. In Fig. 2a), the G′ plot of PEI
exhibits a sharp drop at 213 °C revealing its Tg. On the other hand, PBT
displays a G’ decline near 50 °C, corresponding to its Tg. In Fig. 2b), the
tan (δ) plot shows that Tg of PEI and Tm of PBT overlap at 235 °C.
Therefore, miscibility analyses from DMA results will be made in ac-
cordance with Tg of PBT.

The magnification on G’ plot shows that Tg values of PBT, PBT-rich
blends, and PEI are close to those obtained from DSC tests, and that PEI-
rich blends do not show the Tg of PBT within the range between 51 °C
and 63 °C. This confirms the “rejection” of the non-crystallizable seg-
ments on PBT from the emerging crystals, which acts as a diluent phase
that enriches the amorphous phase of PEI/PBT blends [26]. As a result,
PEI-rich blends tend to be miscible. Similar results are reported on PBT
and bisphenol A poly(arylate) (PAr) blends [27,28] and PEEK and PEI
blends [29,30].

In G’ plot, the signal of PBT shows a second thermal transition at
180 °C undetected by MDSC analysis. According to EDS, XRD, Raman,
and XPS results (shown in Supplementary Material Section), the flame
retardant (FR) additive of PBT is a combination of bromides and anti-
mony trioxide compounds. As reported by Rzyman and coworkers [31],
bromides compounds melt in the range between 170 °C and 190 °C. The
thermal transitions corresponding to the FR compound are evidenced in
tan (δ) plots as a smooth peak at 100 °C and a peak at 188 °C. It is
observed that both transitions remain constant for all PBT-rich blends.

Conversely, PEI-rich blends exhibit marked differences at tempera-
tures higher than 180 °C. The signal of 60/40 blend shows a Tg shift
caused by the partial miscibility between PEI and PBT phases. 70/30
blend reveals a strong signal produced by the overlapping of PBT cold
crystallization, FR transition at 188 °C, and Tg of PEI. Finally, 80/20
blend shows a double-peak signal produced by the enrichment of
amorphous domain in blends as a response of partial miscibility of PEI-
rich blends.

3.2. Viscoelastic properties

Table 1 presents the results obtained at 280 °C and 300 rad/s for
pure materials and their blends. As PBT has lower complex viscosity
(η*) and lower storage modulus (G’) than PEI, it improves the flow
behavior of blends, even when small concentrations of PBT are added.
As both, viscosity and storage modulus are temperature and frequency
dependent, the viscosity ratio ( =p η η/d m) and the elasticity ratio

( = ′ ′ψ G G/d m) —where d corresponds to the dispersive phase and m to
the matrix— need to be calculated at the same processing conditions.
Both p and ψ ratios values, exhibit a large difference when either PEI or
PBT is the matrix. These differences in the viscoelastic properties have a
direct effect on blends morphology, and will be discussed later on the
morphological study results.

3.3. Morphology

3.3.1. PBT-rich blends
In Fig. 3, there are displayed the SEM images with PEI selectively

extraction (left) and the TEM micrographs (right) for three PBT-rich
blends. The morphology of 10/90 blend shown in Fig. 3a), reveals that
extraction of PEI phase leaves well-defined droplets of different sizes
along the PBT matrix. The inserted image in SEM micrograph of Fig. 3a)
displays a single PEI droplet before selective extraction, which is
completely covered by a fibrillary matrix that corresponds to PBT
phase. In SEM image, there are also noticed small undissolved spheres
inside the former PEI domains. The TEM micrograph for the same blend
shows the PBT matrix as a cloudy region because of its semicrystalline
nature. The black spots correspond to antimony trioxide crystals, and
the smoother and transparent regions to PEI droplets, with smaller
cloudy-droplets inside. These results confirm that PEI droplets have PBT
sub-inclusions due to a combination of two main effects: the steps
processing method we used to fabricate the blends, and the significant
differences in the viscoelastic properties between PEI and PBT pre-
viously described. At 280 °C, viscosity of PEI (5910 Pa.s) is much higher
than that of PBT (299 Pa.s), leading to a high retention of PBT phase in
PEI droplets. This phenomenon was described by Vanoene [32] and it
was observed by Berger and coworkers in their experimental work with
PET/PA blends [33]. Also, Favis and coworkers noticed composite
droplets in PC/PP blends [34], and suggest that increasing the mixing
time will diminished droplets retention. In our experiments, mixing
times longer than 3min will result in PBT thermal decomposition.

Phase distribution observed in PBT-rich blends seems to fit more to
the classical theory of Taylor and Grace, which explains the effect of
viscosity ratio on blends morphology. When highly viscous PEI is the
dispersive phase, the viscosity ratio is greater than one (p > >1),
exceeding the breakup limit established by Taylor and Grace under
shear deformation field (p >3.7) [19,35] and preventing PEI droplets
to deform and breakup into smaller particles. However, when the dis-
persive phase concentration increases the morphology formation is
more influenced by the processing conditions. For instance, the PEI
particles in 30/70 blends presented in Fig. 3b), have smaller size con-
trasted to those in 10/90 blends. This is due to higher concentrations of
PEI are better homogenized by the kneaders during the mixing process,
and hence, PEI particles in the 30/70 blends are elongated and broke up
into finer particles. Additionally, as it is expected, higher concentra-
tions of the dispersive phase enhance the number of particle-particle
collisions and as a consequence, they coalesce. Fig. 3b) shows that PEI
droplets in 30/70 blend are not as even and spherical as those observed
in 10/90 blend. From TEM micrographs, it is confirmed that PEI par-
ticles coalesce when the concentration increases, giving as a result an
uneven dispersive phase, with some droplets connected to each other.
Several authors have studied the coalescence effect on the development
of blends morphology [12,36–46], and they defined the basic influen-
cing parameters during coalescence as: weight or volume fraction of
dispersive phase, particle radius, phase's viscosity, and interfacial ten-
sion. They claim that high interfacial tensions lead to immiscibility
between constituents and hence coalescence is enhanced.

So far, SEM results suggest that PEI and PBT are completely im-
miscible. However, the zoomed in image inserted in TEM micrograph of
Fig. 3b), shows one PEI droplet in the 30/70 blend surrounded by well-
defined spherulites of the semicrystalline PBT matrix that inter-
penetrate the PEI/PBT interface (dashed line). This phenomenon is
known as inter-spherulitic interaction and is common in blends
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between rigid amorphous and flexible semicrystalline polymers
[26,47,48]. When PEI and PBT are mixed, PEI acts as an amorphous
diluent of PBT amorphous phase, and some miscibility degree is
achieved in the interface. This explains the smooth shifts of Tg observed
for PBT-rich blends in MDSC between 51.8 °C and 58 °C range, and in
DMA between 51 °C and 63 °C range.

In Fig. 3c), it is revealed that at even PEI and PBT concentrations it
takes place a dual-phase transition event. In a complete compositional
range study of immiscible polymers blend it is expected a phase

inversion point, where the two phases are fully co-continuous and it is
impossible to differentiate the matrix from the dispersive phase
[49,50]. If the composition continues increasing the former matrix
becomes the dispersed phase and the former dispersed phase becomes
the matrix.

3.3.2. PEI-rich blends
Fig. 4 displays the morphology of blends after the phase transition.

In Fig. 4a), the smoother appearance of PEI phase is more noticed due

Table 1
Viscoelastic properties of PEI/PBT blends, and viscosity ratios and storage modulus ratios for PBT-rich blends (PEI dispersed) and PEI-rich blends (PBT dispersed),
calculated at 280 °C and 300 rad/s.

Property PEI/PBT blend

PBT 30/70 40/60 50/50 60/40 70/30 80/20 PEI

Complex viscosity (Pa.s) 299 309 423 641 941 1090 1820 5910
Storage modulus (Pa) 29900 32100 62000 116000 186000 225000 422000 1690000

PBT-rich blends PEI-rich blends

Viscosity ratio p– 19.77 0.05
Storage modulus ratio – ψ 56.52 0.02

Fig. 3. Morphology of PBT-rich blends observed by SEM (left) and TEM (right), for PEI/PBT blends with: a) 10/90, b) 30/70, and c) 50/50. SEM micrographs show
specimens with the extraction of PEI phase, and TEM micrographs show samples without PEI extraction.
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to the increase to 60 wt% of PEI, above the dual-phase inversion point,
where it becomes the matrix and PBT the dispersive phase. The TEM
micrograph shown in Fig. 4b), reveals that the PBT phase is distributed
along the PEI matrix as droplets with irregular sizes and shapes—not as
well defined as PEI droplets in PBT-rich blends—. A magnification
presented in Fig. 4c), shows more in detail the fibrillary interface be-
tween PBT droplets adhered to the PEI matrix in 60/40 blends, which is
found to be similar to the inter-spherulitic interaction previously de-
scribed, suggesting that fibrillary interface is rich in PBT phase.

The increasing in PEI concentration leads to significant changes in
PEI/PBT blends morphology. In Fig. 4d), it is noticed that small PBT
droplets are attached to the PEI matrix with a more noticeable fibrillary
interface, giving the appearance of what we call a spore-like mor-
phology. In recent works, Bahrami and coworkers found that binary
PPE/SAN blends compatibilized with SBM triblock terpolymer exhibit a
similar morphology. They attributed the fibrillary linkage between PPE
and SAN to the effect of the chemical compatibilization [51,52]. In our
work, no compatibilizer agents are used and the interaction between
PEI and PBT phases is a sign of good physical compatibilization be-
tween both phases. This singular morphology in PEI-rich blends is
caused by the shrinkage differences between the two phases during the
cooling stage after the two-step processing. Unlike the amorphous PEI
phase, PBT is a semicrystalline polymer with fast crystallization rate,
and a small shrinkage feature has been reported [53].

In their work in HDPE/PC blends, Leclair and Favis [54] explain
that when an immiscible polymer blend is composed by a highly
semicrystalline and a highly amorphous phase, a voiding mechanism
takes place at the interface when the amorphous phase is the matrix.
Immiscibility between HDPE and PC is attributed to their molecular
structure differences, and to their transitions temperatures during
cooling. In Fig. 5, it is presented a schematic representation of what
happens to both PEI and PBT phases during the mixing process, as well
as during the cooling stage after PEI-rich blends are removed from the
mixer. When PBT is added to the fluid PEI (PEI is not semicrystalline
and it does not melt) in step 2, PBT pellets melt, deform, and split into

tiny droplets as a consequence of the shearing and elongation forces
caused by the rotors speed and the highly viscous PEI phase. The
cooling stage starts with both materials at 280 °C, with PEI fluid and
PBT molten. At 210 °C, PEI phase is below its Tg and the matrix be-
comes rigid, hosting inside the still molten portion of immiscible PBT
phase. When temperature reaches 196 °C, PBT starts to crystallize, and
due to its semicrystalline nature, PBT droplets experience shrinkage
leaving voids between both phases. However, these voids are combined
with a fibrillary attachment between PBT droplets and the PEI matrix
caused by the interspherulitic interaction between both phases, and
hence, spore-like morphology is formed.

The previous morphological study suggests that PEI/PBT blends
morphology strongly depends on the processing conditions, the vis-
coelastic differences between pure components, and PEI composition.
In Fig. 6a), the dashed lines in the plot of average diameter vs. PEI
concentration represent the generalized behavior of particles size be-
fore and after the phase inversion. It shows that particle size increases
gradually with increasing composition as a consequence of coalescence,
and just after phase inversion, the minor phase is deformed and breaks
up into smaller particles [55–57]. The results for PEI/PBT blends pre-
sented in Fig. 6b), show that contrary to the generalized behavior, PEI
droplets have coarser size at lower concentrations. This behavior is
explained by the processing conditions proposed in this work, and the
enormous differences between the viscoelastic properties of pure ma-
terials. When small concentrations of PEI (10 wt% of PEI) are added to
the mixer during step 1, the kneaders soften and smoothly deform the
PEI phase. When PBT phase is added during step 2, it melts and sur-
rounds PEI phase, and as it is much less viscous than PEI, it distributes
freely in the PBT matrix without suffering major deformation adopting
coarse size droplets. When PEI concentration increases to 30 wt% and
40wt%, a combination of shear and elongational flows takes place in-
side the mixer and PEI particles deform and break up into finer sizes.
PEI-rich blends on the other hand, follow the generalized behavior. The
increasing concentration of the highly viscous matrix leads to obtaining
finer particles sizes of the less viscous dispersive phase.

Fig. 4. Morphology of PEI-rich blends: a) SEM micrograph of 60/40 blend, b) and c) TEM micrographs of 60/40 blend, d) spore-like morphology of 70/30 blend, and
e) spore-like morphology of 80/20 blend.
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In order to better observe the size and shape of the dispersive phase
morphology when whether PBT or PEI is the matrix, Fig. 7 shows a
schematic representation of PEI/PBT blends morphology evolution as a
function of PEI composition. The scales of TEM micrographs for each
blend are kept in their original size, and the drawn morphologies are
modified to take all the particles to a common scale of 2 μm. The dif-
ferences observed for each composition are entirely attributable to the
processing parameters and to the mixing sequence used in this work.
The interfacial tension —which strongly influences the morphology of
immiscible blends— is considered to be constant for all blends com-
positions, since blending conditions in this work were kept constant for
all PEI/PBT blends in the entire compositional range. According to Wu
[58], interfacial tension between two substances will vary when there
are changes in components polarities, temperature, and molecular

weight of components. What does change for each blend while in-
creasing PEI concentration is the morphology size and shape, and
hence, the contact surface area between PEI and PBT. Contrary to other
works on PEI/PBT blends, our results reveal that PEI and PBT phases
are well differentiated from each other in the entire compositional
range. The main differences with those reports are the characteristics of
the commercial resins —we use flame retarded PBT—, the processing
methods, and the step processing conditions.

3.4. Mechanical performance

3.4.1. Tensile tests
Fig. 8 displays the stress vs. strain curves for pure materials and

their blends. Pure PEI shows cold-drawing process after its yield stress

Fig. 5. Schematic representation of spore-like morphology formation in PEI-rich blends during their cooling stages.

Fig. 6. Effect of blends composition on the size of the dispersive phase: a) Generalized behavior for blends with dual-phase inversion, and b) effect of PEI composition
on the dispersed particle size of PEI/PBT blends.
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(σy), followed by a stress drop as a sign of necking. The stress stabilizes
until PEI breaks at 20% deformation. PBT on the other hand, reaches its
σy and deforms gradually until it breaks after 40% deformation. Re-
garding PEI/PBT blends, they exhibit intermediate tensile strength with
respect to pure components, which increases with PEI phase addition.
However, there are clear differences in the elongational break perfor-
mance of blends. Most blends exhibit cold-drawing behavior, but only
50/50 blend, and to some extent 40/60 and 60/40 blends, exhibit de-
formation similar to pure components. Two highly brittle blends are
observed: 30/70 blend, and surprisingly 80/20 blend —with spore-like
morphology— that break just after they reach the yield stress.

In Table 2 are listed the mechanical properties of PEI/PBT blends
after tensile tests. The moduli values are calculated from the slope of

the elastic region of stress-strain curves at early deformations where no
interfacial debonding takes place [59,60]. It is noticed that all blends
have intermediate values between those of pure constituents, which
suggests that PEI and PBT phases are not incompatible in any compo-
sition.

The low modulus value of 30/70 and 70/30 blends, is explained
from the morphology exhibited in SEM and TEM results. Blends with
30 wt% of PEI have a coarse PEI particles size together with PBT sub-
inclusions that lead to low mechanical performance. Additionally, PBT-
rich blends have higher amount of FR filler, which acts as stress con-
centrations leading to poorer mechanical performance. Blends with
70 wt% on the other hand, shows that spores are formed leaving large
spaces between PBT domains and the PEI matrix (Fig. 4d)). These voids
promote the early fracture of blends.

Blends containing 40wt% and 60 wt% of PEI display higher moduli
values, due to their proximity to the phase inversion region (co-con-
tinuous morphology). This is in good agreement with the inter-
spherulitic interaction between PEI and PBT phases, which enhance the
interfacial bonding through the fibrillary structure.

The blends with 50 wt% and 80wt% of PEI, exhibit a synergetic

Fig. 7. Schematic representation of the morphological evolution of PEI/PBT blends in the entire compositional.

Fig. 8. Tensile stress-strain curves for PEI, PBT, and PEI/PBT blends.

Table 2
Mechanical performance of PEI/PBT blends.

PEI/PBT blend Modulus (MPa) Tensile strength (MPa) Ductility (%)

PBT 1599.5 ± 298.7 56.9 ± 0.7 41.0 ± 6.4
30/70 1769.8 ± 278.5 67.6 ± 1.3 6.7 ± 1.0
40/60 2157.8 ± 463.3 71.9 ± 0.8 13.3 ± 5.2
50/50 2270.0 ± 258.7 74.7 ± 0.6 16.8 ± 4.0
60/40 2095.1 ± 230.9 83.6 ± 1.7 11.1 ± 3.2
70/30 2028.9 ± 245.2 91.6 ± 1.1 13.5 ± 3.9
80/20 2515.5 ± 519.6 96.9 ± 1.9 6.1 ± 1.3
PEI 2267.8 ± 257.4 103.6 ± 1.5 26.6 ± 10.4
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contribution (values presented in italics in Table 2) associated with the
form in which phases are distributed. In 50/50 blends, PEI and PBT are
co-continuous and the contribution of the highly rigid PEI phase is
noticed as a substantial increase in modulus values. The synergic be-
havior observed in the blend containing 80wt% of PEI is a combination
of the higher concentration of PEI in the blend, the distribution of the
crystalline PBT phase in the shape of tiny spores-like structure, and the
rigidity gained by the densification caused by the inter-spherulitic in-
teraction. Vallejo and coworkers reported similar synergic results for
PEI-rich blends [16], and it is explained from a thermodynamic ap-
proach that explains the free volume effect on the mechanical proper-
ties of polymer blends [61,62]. When an exothermic reaction occurs
during blends’ components interaction, Gibbs free energy of mixing is
negative and the blend will be miscible. What should be expected then,
is a volume contraction in the blend known as densification. This
phenomenon known as “thermal embrittlement” explains the embrit-
tlement that occurs when miscible blends with high Tg polymers—such
as PEI— experiences free volume loss. As discussed previously, PEI-rich
blends exhibit partial miscibility that favors the free volume loss and
hence, densification of the blends. This behavior leads blends to exhibit
higher moduli than those of pure materials, and as a consequence, sy-
nergism is observed.

The σy of PEI/PBT blends is calculated as the maximum stress in the
elastic-to-plastic transition region. Contrary to the elastic modulus, the
yield stress in polymer blends is sensitive to adhesion of components,
and generally indicates if the interface is strong enough to transmit the
tensile stress up to break [59,60]. Similarly to moduli, it is observed
that σy values increase monotonically with PEI addition. In their study,
Leclair and Favis observed that when semicrystalline and amorphous
polymers are blended, it is reached a reinforcement effect when the
amorphous phase is added to the semicrystalline matrix. They obtained
HDPE/PC blends in the entire compositional range, and noticed the
mentioned effect when PC is added to HDPE. Conversely, when HDPE is
added to the PC matrix, no adhesion is observed at the interface and the
mechanical performance decreased for PC-rich blends [54]. At differ-
ence of Leclair and Favis results, we noticed an interface reinforcement
in PBT-rich blends with the interspherulitic formation, and in PEI-rich
blends with the spore-like morphology.

Surprising results are observed in the ductility behavior. For all
blends, ductility is lower than that of pure components. This is ex-
plained from blends morphological structure and partial miscibility.
PBT-rich blends are immiscible, with coarse PEI domains, sub-inclu-
sions of PBT in PEI droplets, and with inorganic fillers (FR compoinds)
which causes stresses concentration and promotes early fracture. On the
other hand, PEI-rich blends are partially miscible, and their poor
elongation at break is attributable to the thermal embrittlement, re-
sulting in a considerable increase in modulus or strength together with
a dramatic reduction in ductility [61,63]. Nevertheless, it is noticed
that ductility of the blend with 50wt% of PEI is the highest due to its
co-continuous morphology.

3.5. Thermal stability and flammability

3.5.1. Thermal stability
In Fig. 9 are presented the results from the thermogravimetric

analysis for pure components and their blends. It is noticed that PEI
exhibits higher thermal stability than flame retarded PBT. In addition,
PEI has an inherent charring ability [64], which is noticed by the mass
loss value lower than 50%. The decomposition of pure materials takes
place in a single step, which is retained in the corresponding blends
leading to an intermediate two-step decomposition behavior. The small
signal observed at 500 °C in pure PBT —enclosed in the orange dashed
circle— corresponds to the oxidation of one of the components of the
flame retardant additive: Sb2O3 [65–67]. When Sb2O3 starts to oxidize,
it reacts with the bromide compound to produce an antimony-bromide
complex that acts with a synergistic effect delaying the flame

propagation —just in case the polymer undergoes a combustion pro-
cess—, as described by Sallet and coworkers in their work [68].

TGA results reveal that PEI/PBT blends decomposition is strongly
influenced by each polymer thermal behavior. However, it is not clear
the existence of possible interactions between blends’ constituents or
their decomposition products. Several authors have reported that de-
pending on the nature of these interactions blends may exhibit positive
or negative effects on thermal stability [69–74]. Although it is not the
aim of this work to study the mechanisms of decomposition of PEI/PBT
blends, we calculated the theoretical TGA curves by using the additivity
relation that allows studying the interaction between PEI, PBT, and
their decomposition products. If the experimental data of the individual
components is multiplied by a factor corresponding to the wt% of each
component in the blend, the resulting data will represent the thermal
behavior expected for each composition in the absence of any kind of
interaction between phases or their decomposition products [69–73].
The differences found between both, the experimental and calculated
data, yields information about the existence of some kind of interaction
that could involve diffusion of small species (molecule-molecule, mo-
lecule-radical, radical-radical) [69].

In Fig. 10, there are presented the experimental and calculated re-
sults of three PEI/PBT blends containing 30wt%, 50 wt% and 80wt%
of PEI. The curves for pure polymers are also shown for comparative
purposes. The solid lines represent the behavior observed experimen-
tally and the dashed lines the calculated weight loss curves in the

Fig. 9. Thermal stability of PEI, PBT, and PEI/PBT blends by TGA.

Fig. 10. Experimental and calculated TGA curves for three representative PEI/
PBT blends: 30/70, 50/50 and 80/20.
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absence of any interaction. For all compositions, it is noticed that both
curves have a similar tendency, with two-step decomposition behavior
corresponding to each phase response. During the first decomposition
step the experimental and predicted curves are in good agreement. PEI
delays the initial degradation of PBT phase improving its thermal sta-
bility. In their work on PVC/PS blends, Dodson and coworkers [70]
found that the TGA signal for blends containing 1:1 by weight of each
component exhibited a notorious delay in the weight loss curve within
the range between 250 °C and 350 °C. In this region, the initial de-
composition of PVC takes place, hence the delay is attributable to PS
phase help to retard the dehydrochlorination reaction of PVC. Never-
theless, our results reveal clear differences between experimental and
calculated curves that appear just before the decomposition signal of
the second step. It is noticed that the loss weight behavior of the ex-
perimental curves is lower than that of the theoretical curves, as a sign
of some kind of interaction that is taking place, leading to the less stable
polymer (PBT) destabilize the more stable one (PEI). Some PBT thermal
decomposition products or byproducts (butadiene, tetrahydrofuran, or
acetaldehyde) [75–77] may interact with the PEI molecule causing its
prompt degradation during step two.

The presence of the flame retardant additive in the blends (anti-
mony trioxide and bromide compounds) also affects the thermal sta-
bility of PEI. In the morphological analysis of blends, it is observed that
Sb2O3 particles are well dispersed along the whole samples, even in the
PEI phase of PEI-rich blends. The decomposition event observed at
500 °C —which correspond to antimony oxide signal— coincide with
the early decomposition of the PEI phase in the blends, accelerating the
presence of decomposition products such as phenol, benzonitrile, and
isopropylene groups that commonly appear at 550 °C [78]. This effect is
more noticed in the blend containing 50wt% of PEI, where both phases
have a co-continuous phase distribution.

3.5.2. Flammability
Fig. 11 presents the results for all blends after 4min of direct flame

exposure. The upper dashed line delimits the maximum length of the
specimens (125mm), and the lower dashed line the first mark at a
length of 25mm from the specimen's tip. It is noticed that in neither,
the pure polymers nor their blends, the flame reach the first mark lo-
cated at 25mm from specimen's tip after 60 s exposure. We expose the
samples to flame more than 60 s, and no significant burning rate evo-
lution was observed. These results indicate PEI/PBT blends classify as
slow burning specimens (HB) according to UL94 standard for horizontal
burning tests. Materials classified under this test should not have or
exceed a burning rate of 75mm/min over a 75mm distance, for spe-
cimen's thickness of 3mm. Burning rate of PEI/PBT blends is much
lower than that stablished by the standard of 75mm/min.

As observed in TGA results, the decomposition of PBT does not lead
to high carbonaceous residues production (charring formation).
However, for PBT flammability results show that flame do not reach the

25mm mark after 120 s of direct flame exposure, suggesting that PBT
flame retardancy is controlled by the synergic self-extinguish effect
caused by the antimony oxides and bromide compound reaction
[68,79–81]. This assumption is made on the basis that the carbonaceous
products formed over PBT surface are not large enough to avoid flame
propagation and material consumption. Conversely, results for blends
suggest that the flame retardancy is dominated by a combination of the
self-extinguish effect of PBT additive with a strong influence of PEI
charring formation. Large amounts of charring products are formed
over the specimens avoiding flame propagation through the inner
sample. Finally, a remarkable flame resistance of PEI sample is ob-
served. The flame does not propagate along the PEI specimen because
of the layer of charring products formed. Even after 4min of direct
flame contact, the PEI sample integrity remains almost intact.

4. Conclusions

For the first time, it is reported a complete miscibility and mor-
phological study in melt processed PEI/PBT blends together with their
viscoelastic, mechanical, thermal, and flammability performance eva-
luation. Results from miscibility study revealed that PEI/PBT blends are
partially miscible and strongly dependent on PEI composition, and two
groups of blends were identified as PBT-rich blends and PEI-rich blends.
PBT-rich blends resulted being immiscible with coarse PEI particles
distributed along the PBT matrix, together with little sub-inclusions of
PBT retained by the highly viscous PEI phase. PEI-rich blends on the
other hand, exhibited partial miscibility with tiny PBT droplets well
dispersed along the PEI matrix giving as a result a new morphology
called spore-like morphology. Additionally, we found that at even
concentrations of PEI and PBT blends experience a phase transition
where PEI and PBT phases are co-continuous.

Since the mechanical, thermal, and flammability performance is
clearly influenced by miscibility of PEI/PBT blends, it is possible con-
trolling blends morphology in order to tailor their properties for specific
high-performance applications. For instance, PBT-rich blends exhibited
the lowest tensile strength and poor ductility due to the coarse PEI
droplets size; but at the same time the best melt processability which is
evidenced in their low viscosity and storage modulus values. PEI-rich
blends on the other hand, revealed the highest tensile properties and a
synergetic contribution on Young modulus in 80/20 blend is noticed.
Although the ductility of these group of blends is also compromised by
blends densification, they have better processability than pure PEI. On
the other hand, 50/50 blend also exhibits synergetic contribution on
tensile modulus and the highest ductility of all blends due to its co-
continous morphology. Regarding the thermal and flammability per-
formance, the addition of PEI increases the thermal stability of PBT
phase and reduces the flame propagation rate in PEI/PBT blends pro-
moting charring formation as the main flame retardant mechanism.

Fig. 11. Photographs of the specimens of pure PEI, pure PBT, and PEI/PBT blends, after 4 min in direct contact with the flame in the HB test. PEI content increasing is
shown from left to right.
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