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Abstract

Biodegradable ideal random copolymer poly(butylene adipate-co-terephthalate) (PBAT), with 44 mol% butylene terephthalate (BT), was melt-

spun into fibers with take-up velocity up to 5 km/min. The structure development and properties of the as-spun fibers were investigated through

birefringence, WAXD, SAXS, DSC and tensile test. Despite of the ideal randomness and composition (1:1) of PBAT copolymer, PBAT fiber

showed well-developed PBT-like crystal structure, while its melting temperature (ca. 121 8C) was over 100 8C lower than that of PBT. Based on

the quantitative analyses on the lattice spacing, the crystallinity and the fraction of crystallizable BT sequences, the crystal structure of PBAT was

characterized to be formed by mixed-crystallization of BT and BA units, where BA units were incorporated into BT lattice. This mixed-crystal

structure was found to undergo PBT-like reversible crystal modification with the application and removal of tensile stress. This crystal

modification was found to occur in a higher strain region compared with that of PBT fibers.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Biodegradable polymers currently achieve high interest in

materials science since they are friendly to environment. Many

biodegradable polymeric materials have been successfully

developed and put into applications [1–8]. Among them,

aliphatic/aromatic copolymers are an important series, because

the balance of biodegradability (e.g. life time) and its physical

properties (e.g. thermal and mechanical properties) can be

adjusted by controlling the molar ratio of comonomers in these

copolymers [9–17]. Poly(butylene adipate-co-terephthalate)

(PBAT, Ecoflexw) is a commercialized aliphatic-co-aromatic

biodegradable copolymer from BASF. Its biodegradation

behavior and properties have been reported by Müller et al.

[11,13,14,17]. PBAT was characterized to be an ideal random

copolymer with 44 mol% of BT unit. It has been reported that

the aliphatic/aromatic copolyester with aromatic units within

the range of 35–55 mol% offers an optimal compromise of its

biodegradability and physical properties [14,17]. Obviously
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polymer properties such as biodegradability, thermal property

and mechanical property would also strongly depend on its

crystal structure.

The crystal structure of PBAT has been reported by other

groups [18,19]. However, based on their analyses on molecular

mobility of the aliphatic methylene group in PBAT using solid-

state 13C NMR, their opinions diverge from each other on

whether its crystal structure is formed by pure BT unit or by

both BT and BA units.

By using solid-state 13C NMR, our group have also reported

the structure of a similar aliphatic–aromatic terpolymer,

poly(butylene terephthalate-co-succinate-co-adipate), where

its crystal structure was characterized to be formed by the

mixed crystallization of its comonomers [20]. In addition, we

found that the aliphatic methylene group is not suitable to be

used to assign crystalline component in aliphatic/aromatic

copolymers [20].

In this study, we attempt to characterize the crystal structure

of PBAT from the view of crystallinity in weight (XC) and the

weight fraction of total crystallizable BT unit. The basic idea is

that if we can verify that the XC is larger than the weight

fraction of crystallizable BT unit, then undoubtedly the crystal

structure of PBAT should be formed by both BT and BA units.

In addition, there are increasing demands of biodegradable

fibers in both agricultural and medical fields, however all
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the studies on PBAT till now are based on film samples. Thus

this study is also expected to yield information on biodegrad-

able fiber processing and resultant fiber properties.
2. Experimental

2.1. Materials and as-spun fibers preparation

PBAT copolymer pellets were kindly supplied by BASF,

Japan. Fig. 1 shows the chemical structure of PBAT. The

pellets were dried at 60 8C for 12 h before melt spinning to

avoid the possible hydrolysis during extrusion process. The

polymer was extruded from a single-hole spinneret of 1 mm

diameter at 220 8C. The throughput rate was controlled at 5.0 g/

min. As-spun fiber was taken-up by a high-speed winder placed

at 330 cm below the spinneret. PBAT copolymer showed fairly

good spinnability, and the maximum take-up velocity of 5 km/

min was attained. For comparison, PBT fibers, being extruded

at 260 8C and prepared at 5 km/min, were used as reference

sample in this work.
2.2. Birefringence measurement

Refractive indices parallel and perpendicular to the fiber

axis, ns and nt, were measured using an interference

microscope (Carl Zesis Jena). Birefringence Dn was calculated

using Eq. (1):

Dn Z ns Knt (1)
2.3. Differential scanning calorimetry (DSC)

The melting temperature (Tm) of PBAT fiber was analyzed

by using a differential scanning calorimeter (Rigaku DSC

8230). About 5 mg of PBAT fiber sample was cut into powder

shape and encapsulated in aluminum DSC pan. The DSC

measurement was carried out from room temperature to 250 8C

at a heating rate of 10 8C/min. For comparison, measurement

on poly(butylene terephthalate) (PBT) fiber was also

conducted.

In addition to Tm, the equilibrium melting temperature of

PBAT was determined by using Hoffman-Weeks plot [21].

About 5 mg of PBAT powder sample, encapsulated in DSC

pan, was held at 170 8C in a vacuum dryer for 30 min to

eliminate sample thermal history. The sample was then

transferred to DSC within seconds, where DSC was preset at

a given crystallization temperature (TC) for 30 min. The sample

was held at TC for equilibrium crystallization for 1 h. After

the crystallization, the temperature was increased to 160 8C at
C

O O

(CH2)4 OO CC

O

x

BT unit

Fig. 1. Chemical structure of poly(bu
a heating rate of 10 8C/min. The corresponding melting

temperature for each TC was investigated.
2.4. Tensile test

The stress–strain curves of the fiber samples were obtained

using a tensile tester (Toyosokki, UTM-4L). The gauge length

was 20 mm and the tensile speed was 20 mm/min. A

representative stress–strain curve was determined by at least

10 trials of the test for each kind of fiber.
2.5. Wide-angle X-ray diffraction (WAXD) measurement

Wide-angle X-ray diffraction (WAXD) patterns of the fiber

bundle were obtained by using an X-ray generator (Rigaku

Denki) and a charge-coupled device (CCD) detector. The

generator was operated at 40 kV and 300 mA with a

monochromatized CuKa radiation. The camera length, which

is the distance between the sample and CCD, was 45.5 mm,

and the exposure time was 25 s.

In the case of uniaxial oriented fiber samples, and when the

diffraction intensity is recorded by a flat CCD camera, the

degree of crystallinity in weight (Xc) can be estimated by using

Eq. (2). The crystalline orientation can be determined

quantitatively by computation of the Hermans orientation

factor [22]. This orientation factor f(c, z) of PBAT fibers was

estimated by using Eqs. (3)–(5). In addition, the crystallite

size of PBAT fibers was estimated according to Scherrer

equation [23].

Xc Z

Ð2q2

2q1

cos q
Ðp=2

0

Icðd; qÞsin ddddð2qÞ

Ð2q2

2q1

cos q
Ðp=2

0

Iðd; qÞsin ddddð2qÞ

(2)

hcos2f010;zi Z

Ðp=2
0

IðdÞ010cos2q cos2d sin ddd

Ðp=2

0

IðdÞ010sin ddd

(3)

hcos2fc;zi Z 1K2hcos2f010;zi (4)

fðc;zÞ Z
3hcos2fc;ziK1

2
Z 1K3hcos2f010;zi (5)

where, q is Bragg angle, in this work, 2q1Z58, and 2q2Z408; f

is azimuthal angle, the angle between the normal of crystal

plane and fiber orientation axis; and d: is the azimuthal angle
(CH2)4 (CH2)4OC

O

O
y

BA unit

tylene adipate-co-terephthalate).
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Fig. 2. Birefringence of PBAT fibers as a function of take-up velocity.
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from the meridian in WAXD pattern recorded by flat CCD

camera.

In addition to the conventional WAXD measurement, in situ

WAXD measurement during tensile deformation was per-

formed to investigate the crystal form transition of PBAT fiber.

A mini tensile testing machine (Kyowa) was used to impose the

tensile deformation. The tensile machine allowed symmetric

deformation of the sample, which permitted the focused X-ray

to illuminate the same sample position during stretching. About

1500 filaments of PBAT fibers, prepared at the take-up velocity

of 5 km/min with the diameter of 34 mm, were aligned parallel

to each other at a width of 8 mm to obtain sufficient diffraction

intensity. The camera length was 45.0 mm and the exposure

time was 10 s. The gauge length was 20 mm. The tensile

deformation was carried out in creep mode. A series of WAXD

patterns were recorded with the increase of tensile load.

Reflections close to the meridional direction were clearly

monitored by tilting the fiber bundle properly in a plane

containing the X-ray beam and the fiber bundle.

2.6. Small-angle X-ray scattering (SAXS)

Small-angle X-ray scattering (SAXS) was performed by

using NANO-Viewer system (Rigaku Co., Japan). A CuKa
radiation (40 kV, 20 mA) was generated by RA-Micro7

(Rigaku Co.) and concentrated by Confocal MAX-Fluxw

(CMF) optic, which acts as a monochromator (lZ0.154 nm).

The X-ray beam was collimated by pin-holes; the sizes of 1st,

2nd, and 3rd pin-holes were f0.4, f0.2, and f0.45 mm,

respectively. An imaging plate (IP) (Fujifilm BAS-SR 127)

was used as a two dimensional detector and the resolution

(pixel size) was set to 50 mm in an IP reading device (R-AXIS

D3, Rigaku Co.). The pin-holes, sample, and IP film were set in

a vacuum chamber and the two-dimensional scattering pattern

was measured under a vacuum, which eliminates air scattering.

The camera length was 482 mm, and the exposure time was set

to 120 min.

3. Results and discussion

3.1. Characterization on as-spun fibers

3.1.1. Birefringence

Birefringence of PBAT fibers was increased with increasing

take-up velocity as shown in Fig. 2. It indicates the molecular

orientation was enhanced by higher spinning line stress

induced by higher take-up velocity. It is notable that PBAT

fibers prepared even at low take-up velocity show a fairly high

birefringence. This may be attributed to the presence of the

benzene ring in PBAT, which yields high intrinsic birefrin-

gence and high molecular rigidity.

3.1.2. WAXD patterns

WAXD patterns of PBAT fibers with different take-up

velocities are shown in Fig. 3. Diffraction spots became more

distinct with increasing take-up velocity. The sharp diffraction

spots indicate that PBAT fibers have well-developed
and highly oriented crystal structure. Quantitative evaluation

on the crystal structure of PBAT fibers in terms of crystalline

orientation, crystallinity, and crystallite size will be given

below.

3.1.3. Melting temperature

PBAT fibers showed similar DSC thermograms regardless

of various take-up velocities, indicating there is no distinct

enhancement of thermal property by increasing take-up

velocity. Fig. 4 shows the DSC thermograms of the PBAT

and PBT fibers prepared at 5 km/min. In the case of PBAT,

only one broad melting peak was observed at ca. 121 8C. No

melting peaks corresponding to those of aliphatic homopoly-

mer poly(butylene adipate) (PBA, ca. 56 8C) and aromatic

homopolymer poly(butylene terephthalate) (PBT, ca. 227 8C)

could be detected. Compared with PBA, the higher melting

temperature (Tm) of PBAT would expand its applications in

biodegradable field.

3.1.4. Mechanical properties

Stress–strain curves of PBAT fibers prepared at various

take-up velocities are plotted in Fig. 5. With increasing take-up

velocity, the initial tensile modulus and tensile strength of

PBAT fibers are increased, while elongation at break is

decreased. The enhancement of mechanical property of PBAT

fibers is attributed to the enhanced molecular orientation as

revealed by birefringence. The slightly increased crystallinity,

which will be revealed in the following part (Fig. 6), would also

make some contribution for the improvement of mechanical

property.

For comparison, stress–strain curves of PBT fiber prepared

at 5 km/min is also plotted in Fig. 5. It is interesting to note that

PBAT fibers, especially prepared at low take-up velocity, may

have elastic property based on their rubbery-like stress–strain

curves. It exhibits low modulus, low tensile strength but high

elongation at break. In addition, good recoverability of PBAT

fibers was also observed in cyclic deformation test. Details on



Fig. 3. WAXD patterns of PBAT fibers with take-up velocity from 1 to 5 km/min.
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elastic property of PBAT fibers and its mechanism will be

reported in a separate paper. In brief, the elastic property of

PBAT fibers might be attributed to its chemical structure

consisting of hard aromatic and soft aliphatic segments,

somewhat similar to the hard and soft segmented polyurethane

[24,25].

3.2. Characterization on crystal structure

3.2.1. Quantitative evaluation on crystal structure

The results of Xc, f(c,z) and crystallite size of (100) (see in

Fig. 3) as a function of take-up velocity are plotted in Fig. 6. It

suggests that the crystal structure formation of PBAT fibers

was enhanced with increasing take-up velocity, although the

enhancement is limited.

It is noteworthy that PBAT is an ideal random copolymer;

furthermore the molar ratio of its comonomers is around 1:1.

This type of copolymer has been reported to be un-crystal-

lizable [26]. Theoretically, according to Bernoullian statistics

[27], the average block length of comonomers in such kind of

copolymer is close to 2, generally too short to form regular

crystalline packing, or at least the crystallinity will be quite low

even if it manages to crystallize. Therefore, the well-developed

crystal structure in PBAT fibers is an extremely rare case,

which will be further characterized below.
Fig. 4. DSC thermograms of PBAT and PBT fibers.
3.2.2. Characterization on WAXD pattern of PBAT

Fig. 7 shows the WAXD patterns of PBAT and PBT fibers.

Similar diffraction patterns suggest that the unit cell

dimensions of PBAT should be similar to that of PBT. Thus

it is plausible to speculate that the crystal structure of PBAT

was formed by BT unit. This view seems compatible with the

crystal structure proposed for PBAT by Kuwabara et al. [18],

where the crystal structure was clarified to be formed by BT

unit, and BA unit is excluded from the crystalline domain.

However, it has been also reported that alternating

copolymer poly(butylene terephthalate/adipate) (PTMTA)

also has a closely resemble crystal lattice to that of a-form

PBT crystal [28]. Table 1 shows the comparison of the

observed and calculated lattice spacings (dobs and dcal).

Spacing dobs was calculated according to the angle of

diffraction spots using Bragg equation; while theoretical

value dcal for each hkl plane was calculated by using

crystallographic parameters of a-form PBT and PTMTA,

respectively [28]. Based on the results listed in Table 1, in

PBAT, the possibility that BA unit might be included in BT

crystal lattice can not be excluded.
3.3. Melting temperature depression

The aforementioned analysis on the WAXD patterns of

PBAT fibers failed to determine whether its crystal structure

was formed by BT unit only or by both BT and BA units.

Assuming it was formed by pure BT units, and then the melting
Fig. 5. Stress–strain curves of PBAT fibers and PBT fibers. Take-up velocity is

as indicated.
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Table 1

Comparison of the observed and calculated lattice spacing of PBAT, a-form

PBT, PTMTA

PBAT a-form PBT PTMTA

dobs (nm) hkl dcal (nm) hkl dcal (nm)

0.509 010 0.513 010 0.507

0.419 �110 0.418 �110 0.417

0.383 100 0.383 100 0.380

0.541 0 �11 0.548 0 �12 0.555

0.431 �111 0.427 �112 0.427

0.354 1 �11 0.352 1 �12 0.354

Unit cell dimensions [28], a-form PBT, a, 0.483 nm; b, 0.596 nm; c, 1.162 nm;

a, 99.98; b, 115.28; g, 111.38; PTMTA, a, 0.489 nm; b, 0.590 nm; c, 2.505 nm;

a, 102.38; b, 116.88 g, 108.88.

X.Q. Shi et al. / Polymer 46 (2005) 11442–1145011446
temperature depression of BT crystal in PBAT is over 100 8C

compared with that of PBT homopolymer as shown in Fig. 4.

According to Flory [29,30], if only one kind of comonomer

crystallizes in a random copolymer, the non-crystalline

comonomer will hinder the crystallization process. This leads

to imperfect crystallites and hence leads to melting temperature

depression. The depressed melting temperature can be

calculated as follows:

1

T0
m

K
1

T�
m

ZK
R

DHm

� �
ln P (6)

where T0
m and T�

m are the equilibrium melting temperatures of a

random copolymer and the corresponding homopolymer of its

crystallizable units, respectively. P is the molar fraction of

crystallizable units, DHm is the heat of fusion of the

homopolymer of crystallizable units, and R is the gas constant.
Fig. 7. Comparison of WAXD patterns of PBAT and PBT.
In the case of PBAT, assuming that its crystal structure was

formed by BT unit, the depressed equilibrium melting

temperature ðT0
mÞ was calculated to be ca. 180 8C by applying

the data of T�
m (238 8C) [31], DHm (145 J/g) [32] and P (0.44).

It is much higher than the observed melting point (Tm) of

121 8C.

In addition to the observed melting temperature (Tm),

further measurement on the equilibrium melting temperature

ðT0
mÞ of PBAT was carried out using Hoffman-Weeks plot [21].

The extrapolated T0
m value is 128.2 8C as shown in Fig. 8,

which is significantly lower than the theoretical value of

180 8C. Despite of the well-developed crystal structure, the

significant melting temperature depression suggests that the

crystal structure of PBAT is unlikely formed by BT units only.
3.4. Weight fraction of crystallizable BT sequences

The analysis on the weight fraction of crystallizable BT

sequence in PBAT was conducted. The purpose was to estimate

the maximum crystallinity of PBAT if the crystal structure is

formed by BT units only.

According to Bernoullian statistics [27] and the method

suggested by Yamadera [33], the average block length of BT
Tc (°C)

T
m

 (°
C

)

60 80 100 120 140
110

120

130

Tm=Tc

T 
o 

m=128.2o C

Fig. 8. Determination of the equilibrium melting temperature ðT0
mÞ of PBAT

according to Hoffman–Weeks plot.
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unit in PBAT is 1.8. It is no doubt that such a short BT

sequences are difficult to crystallize rather than to form well-

developed crystal structure. However, there should be some

sequences longer than the average block length. According to

random copolymer statistics [34], the number fraction (Nx(m))

and the weight fraction (Wx(m)) with sequence length of

m-repeating units can be estimated using Eqs. (7) and (8),

respectively.

NxðmÞ Z pðmK1Þð1KpÞ (7)

wxðmÞ Z mPðmK1Þð1KPÞ2 (8)

where P represents the mole fraction of X repeating units and

mR1.

In the case of PBAT, WBT(m) as a function of m is plotted in

Fig. 9, where P is 0.44. Assuming the sequences with the length

of mR3 are crystallizable; the weight fraction of crystallizable

BT sequences was estimated to be ca. 41%. Consequently,

assuming the crystal structure of PBAT is formed by BT units

and considering the weight fraction of BT units (ca. 49%), its

crystallinity will be lower than 20% even if all the crystal-

lizable BT sequences are included in the crystalline region.

However, the crystallinity of PBAT fibers prepared at 5 km/

min is above 30% (Fig. 6). Hence, it can be excluded by sure

that crystal structure of PBAT was formed by BT units only.

Since this conclusion was drawn based on the assumption that

the crystallizable BT sequences have repeating unit mR3, the

following analysis on crystal lamellar thickness will be given to

verify this assumption.
X (nm)

0 10 20 30 40

–0.5

0.0

Fig. 10. Calculated one-dimensional correlation function based on PBAT fiber

morphology.
3.5. Crystal lamellar thickness

In semi-crystalline polymers, a two-phase morphology

consisting of lamella shaped crystals dispersed in an

amorphous matrix is widely accepted; and quantitative details

of such morphology can be estimated by small-angle X-ray

scattering (SAXS), with often remarkable accuracy [35–37]. In

the case of fiber, it contains regions of approximately parallel

lamellae, which are oriented perpendicular to the fiber axis, and

the parallel lamellae can be approximately superimposed by
a shift of an identity period (long period) along the fiber axis.

Based on such morphology, the minimum crystallizable

sequence length can be estimated from the thickness of lamella.

Assuming the boundary of the above mentioned two phases

is infinitively sharp, the lamellar thickness can be determined

using one-dimensional correlation function g1(x) [36].

g1ðxÞ Z

ÐN
0

s2IðsÞcosð2pxsÞds

ÐN
0

s2IðsÞds

(9)

where, s is the magnitude of scattering vector defined by sZ
2 sin q/l, and I, the scattering intensity.

The one-dimensional correlation function (g1(x)) corre-

sponding to the morphology of PBAT fiber prepare at

5 km/min was calculated and is shown in Fig. 10. Accordingly,

the lamellar thickness (d) can be calculated using Eq. (10),

provided crystallinity is below 50%.

d Z
aLK

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2L2K4aL

p

2a
(10)

where L is long period corresponds to the x value of the first

maximum, 8.8 nm in Fig. 10; Ka, the slope in the initial linear

region of the correlation function (g1), K0.523 in Fig. 10.

Accordingly the lamellar thickness was calculated to be

2.8 nm. In addition, crystallinity in volume fraction ðXv
cÞ of

PBAT fibers (5 km/min) can be simply estimated to be 31.8%

using values of L and d, which roughly agrees with the value of

Xc (ca. 31%) revealed by WAXD.

On the other hand, the lamellar thickness can be represented

by the crystallite size of the crystalline plane which is

perpendicular to molecular chain orientation. In the case of

PBAT fiber, as shown in Fig. 11, the lamellar thickness can be

roughly estimated by the crystallite size of ð �104Þ using Scherrer



Table 2

Cohesive energy of function group and the numbers of corresponding

functional group in PBAT

Function group Cohesive energy

of function

group (kJ/mol)

Number of function group

BA BT

–CH2– 4.19 8 4

–COO– 13.41 2 2

Aromatic ring 31.00 / 1

Fig. 11. WAXD pattern of PBAT fiber with sample bundle tilted to the incident

X-ray beam.
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equation. It gives a value of 3.2 nm. This value agrees with the

result obtained from SAXS.

Since c-axis length of a-form PBT crystal lattice is 1.16 nm

[28], the value of lamellar thickness of 2.8–3.2 nm in PBAT

suggests that, if the crystal structure is formed by BT unit, more

than 2 BT repeating units should be included in one lamella in

fiber axis. This result strongly supports the assumption on BT

crystallizable sequence length (mR3).

3.6. Mixed-crystallization

Summarizing the analyses on melting temperature

depression, the crystallinity and the weight fraction of

crystallizable BT units, both BT and BA units are concluded

to be included in crystalline region of PBAT. On the other

hand, only PBT-like diffraction spots are observed in Fig. 3,

and only one melting peak is observed in Fig. 4. Therefore, in

PBAT fibers, BT and BA units must share a common crystal

lattice by introducing the soft BA unit into BT crystal lattice.

Such crystallization behavior is defined as mixed-crystal-

lization [38–40]. A quite similar example is the crystal

structure of the copolymer of hexamethylene terephthalamide

and hexamethylene adipamide, where the comonomers were

found to be capable of replacing each other in the crystals

[41,42].

In a binary random copolymer, undergoing mixed-crystal-

lization requires two preconditions: (1) a similar main-chain

conformation between two comonomer segments in the crystal

lattice, which leads to negligible geometrical hindrance when

forms mixed-crystallization; (2) two comonomers should have

comparable cohesive energy, otherwise, only the comonomer

with larger cohesive energy will migrate to form a rich domain

and be crystallized. In the case of PBAT, for the first

precondition, the reported study on crystal structure of

alternating copolymer PTMTA suggests that soft BA unit can

adjust its chain conformation to be similar to that of BT unit

[28]. And for the second precondition, the cohesive energies of

BT units (EBT) and BA units (EBA) in PBAT were calculated
using group contribution method [43]. Table 2 lists the

cohesive energy value of each functional group included in

PBAT, and the corresponding numbers of functional group for

both BA and BT units. Using the above data and the molar ratio

of BA of 56 mol% and BT of 44 mol%, the ratio of EBT to EBA

is estimated to be 1.03. It suggests that co-crystallization is

possible in PBAT in regard of dynamic stability as well. The

co-crystallization is defined as that the comonomers both

crystallize but not necessary to share a common lattice. The

above two points strongly support the conclusion of mixed-

crystal structure of PBAT fibers.
3.7. Crystal form transition

It is well known that PBT has two crystal forms (a and b),

which are reversible to each other by tensile deformation and

relaxation [44–47]. In the case of PBAT, in which soft BA unit

is introduced into BT crystal lattice, interest was aroused to

investigate whether such mixed-crystal structure also under-

goes PBT-like crystal form transition. Therefore, in situ

WAXD measurement during tensile deformation on PBAT

fibers was conducted. PBT fibers were used as reference.

In the case of PBT, the most characteristic crystallographic

reflections in WAXD pattern are ð �104Þ at 31.48 and ð �105Þ at

39.58 for the a-form as shown in Fig. 12(a); and are ð �104Þ at

28.28 and ð �106Þ at 438 for the b-form as shown in Fig. 12(c),

respectively. Fig. 12(b) shows the coexistence of a and b
forms. These characteristic reflections are generally used to

judge the crystal form of PBT [46]. Fig. 12(d)–(f) shows the

WAXD patterns of PBAT fiber recorded under the tensile

strain as indicated. Diffraction spots corresponding to ð �104Þ at

30.88 and ð �105Þ at 39.58 of a-form PBT crystal were clearly

observed in Fig. 12(d) when PBAT fiber was in the relaxed

state. This is strong evidence again that PBAT has a similar

crystal lattice to that of a-form PBT. When PBAT fiber was

stretched to 43% (Fig. 12(e)), new diffraction spots at 42.88

corresponding to ð �106Þ of b-form PBT crystal was observed.

With the further tensile deformation, this b-form diffraction

became dominated in Fig. 12(f). More detailed crystal form

changes in PBAT fibers, revealed by meridional intensity

profiles during tensile deformation and after relaxation are

shown in Fig. 13. With the increase of tensile deformation,

peaks assigned to a-form became weak, while the peak

assigned to b-form became more distinct and at last became

dominated when tensile strain was above 63%. Further more,



Fig. 12. WAXD patterns of PBT and PBAT fibers recorded during tensile deformation.
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b-form reversed to a-form when sample was relaxed as shown

in Fig. 13(g). Summarizing the above, it is interesting to find

that mixed-crystal structure of BT and BA units also undergoes

PBT-like crystal form transition with the application or

removal of the tensile stress. It is noteworthy that, in the case

of PBT, a-form totally transforms into b-form when tensile

strain is over 15% [47]. However, in the case of PBAT, a-form

remains dominated even at the tensile strain of 17% as shown

in Fig. 13(b). Such discrepancy might be due to the much lower

modulus of PBAT fibers compared with that of PBT fibers as

showed in Fig. 5. Since the crystal form transition in PBT has

been reported to occur above a critical stress (ca. 75 MPa at

room temperature) [45], most likely similar precondition is also

required in the case of PBAT. Consequently, PBAT fibers

require a higher strain to reach this critical stress.
25 30 35 40 45 50

2θ

(a) 0%

(b) 17%

(c) 28%

(d) 43%

(e) 63%

(f) 90%

α βα

(g) after 
   relaxation

Fig. 13. Meridional diffraction intensity profiles of PBAT fibers during tensile

deformation and after relaxation.
4. Conclusions

PBAT copolymer showed good spinnability in melt-

spinning process. The attainable highest take-up velocity was

5 km/min. Higher take-up velocity led to the enhancement in

molecular orientation, crystal structure and mechanical proper-

ties of PBAT fibers, but no distinct effect on thermal property.

The crystal structure of PBAT fibers was characterized to be

formed by mixed-crystallization of BT and BA units. Mixed

crystallization enabled PBAT to have well-developed PBT-like

crystal structure despite of its ideal randomness and (1:1)

composition. The introduction of soft BA unit into BT crystal

lattice led to the significant lower melting temperature

compared with that of PBT.

It is interesting to find that the mixed-crystal structure of

PBAT fibers also undergoes PBT-like reversible crystal forms

transition. However, due to the elastic property of PBAT fibers,

a to b form transition was found to occur in a higher strain

region compared with that of PBT fibers.
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