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ABSTRACT: High tensile strength fibers of poly[(R)-3-hydroxybutyrate-co-(R)-3-hydroxyhexanoate] [P(3HB-co-3HH)], a type of micro-

bial polyesters, were processed by one-step and two-step cold-drawn method with intermediate annealing. Thermal degradation behav-

iors were characterized by differential scanning calorimeter and gel permeation chromatography measurements. Thermal analyses were

revealed that molecular weights decreased drastically within melting time at a few minute. One-step cold-drawn fiber with drawing ratio

of 10 showed tensile strength of 281 MPa, while tensile strength of as-spun fiber was 78 MPa. When two-step drawing was applied for

P(3HB-co-3HH) fibers, the tensile strength was led to 420 MPa. Furthermore, the optimization of intermediate annealing condition

leads to enhance the tensile strength at 552 MPa of P(3HB-co-3HH) fiber. Wide-angel X-ray diffraction measurements of these fibers

suggest that the fibers with high tensile strength include much amount of the planer-zigzag conformation (b-form) as molecular confor-

mation together with 21 helix conformation (a-form). VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41258.
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INTRODUCTION

Plastics are currently one of the most important materials for

every life, whereas those include a significant problem of envi-

ronmental pollution and stable supply. Eco-friendly polymers

are expected to be put to practical use. Polyhydroxyalkanoate

(PHA) that is a biodegradable polyester biosynthesized within

microorganisms is called as the microbial polyester.1–3 Poly[(R)-

3-hydroxybutyrate] (P(3HB)) is the most famous microbial

polyester in PHA family and it is well known as a brittle

material and aging deterioration occurs due to the secondary

crystallization at room temperature.4,5 In recent year, the

improvements for physical properties were reported by many

researchers. Synthesis of ultrahigh-molecular-weight P(3HB),6–8

development of novel drawing method,9–16 biosynthesis of

copolymerization3,17–22 and blending23,24 are such examples.

The second monomer leads to be enhanced flexibility due to

prevent for crystallization of P(3HB). Major second monomers

on P(3HB) copolymer are (R)-3-hydroxyvalyrate (3HV),25 (R)-

3-hydroxyhexanoate (3HH)20,22 and 4-hydroxybutyrate (4HB).18

Among P(3HB) copolymers, the poly[(R)-3-hydroxybutyrate-co-

(R)-3-hydroxyhexanoate] [P(3HB-co-3HH)] can be produced

from palm oil.26

When P(3HB-co-3HH) is crystallized, the 3HH unit is excluded

from the P(3HB) crystal.22 Thus, 3HH unit leads to decrease

melting point and crystallinity. However, thermal degradation

temperature of P(3HB-co-3HH) is almost same as that of
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P(3HB), suggesting that temperature range of melt-spinning is

widen.22,23,27 Until now, few study reported on preparation of

the melt-spinning fiber of P(3HB-co-3HH).28,29 Jikihara et al.

have been reported P(3HB-co-3HH) fiber processed by one-step

drawing method with tensile strength of 220 MPa.30 It is well

known that manufactural fibers such as bonded-fiber fabric

need the tensile strength at 400–700 MPa. For this reason, it is

necessary to improve the tensile strength of P(3HB-co-3HH)

fiber.

By the way, tensile strength is very affected by molecular confor-

mation and highly order structure. It is well known that the

P(3HB) and its copolymers have two molecular conformations.

One is 21 helix conformation (a-form)31,32 which is universally

observed in these materials, such as injection-moldings, films,

and fibers. Another one is a planer-zigzag conformation (b-

from)33 which is only observed in drawn films or drawn fibers

with high tensile strength.12,34–36 While the generation mecha-

nism of b-form structure has not been revealed, it is clear that

the forming of b-form structure is important to make the high

tensile strength fiber of P(3HB) copolymer. Some researchers

expect that the b-form of P(3HB) chains is formed from tie-

chains in amorphous region between lamellar crystals by

stretching.13,14,37 Thus, to form the b-form of P(3HB) chains, it

is expected that two-step cold-drawing is optimal drawing

method.

The purpose in this work is to achieve the high tensile strength

at over 400 MPa of P(3HB-co-3HH) fiber. This work was per-

formed to prepare the P(3HB-co-3HH) fiber with high tensile

strength using two-step cold-drawing method with the interme-

diate annealing process Intermediate annealing process grows

lamellar crystals, and tensile strength is expected to improve sig-

nificantly by following drawing process against tie-chains

between lamellar crystal, which produces b-form. Furthermore,

the relationship between the amount of two kinds of molecular

conformations of a-form and b-form and mechanical properties

is revealed by synchrotron X-ray measurement.

EXPERIMENTAL

Materials

P(3HB-co-3HH) pellet with weight-average molecular-weight

(Mw) 5 5.5 3 105 and polydispersity (Mw/Mn) 5 2.5 was sup-

plied by Kaneka corporation. This P(3HB-co-3HH) includes

3HH unit as the second monomer at 5.5 mol %. The pellet was

dried in vacuum at room temperature for 3 day before using.

Thermal Properties

The glass transition temperature (Tg) and melting temperature

(Tm) were measured by differential scanning calorimeter (DSC)

(Perkin-Elmer, DSC8500). Temperature calibration was performed

using Tm of indium at 156.60�C. The first run was measured at

20�C/min from 40 to 180�C, maintained at 180�C for 1 min, and

the cooled to 250�C at a rate of 2200�C/min. After that, the sec-

ond run was measured at 20�C/min from 220 to 180�C.

Molecular Weight Measurement During the Melt-Spun

Process

The change of molecular weight during melt-spun process

was measured to decide the melt-spinning conditions. The

P(3HB-co-3HH) pellet was placed into the spinning apparatus

at different temperatures of 170, 180, 190, or 200�C. The

P(3HB-co-3HH) pellets were melted at different melting time

from 1 to 10 min and then extruded from spinning apparatus.

Melt-extruded samples were taken up for each 1 min, and then

Mw and Mn were measured by gel permeation chromatography

(Shimadzu, 10A series, Japan) at 40�C, which was equipped

refractive detector with two joint colums of Shodex K-806M

and K-802. Chloroform was used as the eluent at a flow rate of

0.8 mL/min. Polystyrene standards were used to make a molec-

ular weight calibration curve.

Preparation for P(3HB-co-3HH) Fiber by Melt-Spinning

Melt-spinning was carried out by melt-spinning apparatus

(Imoto, 19F8, Japan). Melting temperature, melting time, die

diameter, and volume velocity of extruded sample from die

were chosen at 170�C, 3–4 min, 1 mm, and 4 mm3/s. The as-

spun fiber was collected at take-up of 70 m/min in ice water

bath at 4�C. The following drawing methods were applied to

collected molten state fiber method.

One- and Two-Step Cold-Drawing Method

The as-spun fiber was fixed on hand-made drawing machine in

ice water bath at 4�C. And then, these fibers were stretched at

drawing ratio (DR) of 4 or 8 in ice water bath, subsequently

annealed at 80�C for 30 min in an oven. This cold-drawn and

annealed drawn fiber is named an one-step cold-drawn fiber.

One-step cold-drawn fibers were further stretched at room tem-

perature, subsequently annealed at 80�C for 30 min in an oven.

These two-step drawn and annealed fibers are named a two-step

cold-drawn fiber. Experimental scheme is shown in Figure 1.

Effect of Intermediate Annealing on Two-Step Cold-Drawn

Fibers

To investigate the influence of first annealing on two-step cold-

drawn fibers, one-step cold-drawn fibers with first cold-DR of 8

were annealed for different annealing time (1–30 min) at 80�C.

Drawing was performed at DR from 1.2 to 2.0.

Figure 1. Experimental scheme to prepare fibers.
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Mechanical Properties

Mechanical properties of fibers prepared with different drawing

method were measured by tensile testing machine (Shimadzu,

EZ-test, Japan). The gauge length and crosshead speed were

10 mm and 20 mm/min, respectively. Fiber diameter was meas-

ured by optical microscope.

Molecular Chain Conformation Analysis

Fibers were analyzed to investigate the relationship between

molecular conformation and mechanical properties by Wide-

angle X-ray diffraction (WAXD) measurement. WAXD measure-

ment was performed by synchrotron X-ray in SPring-8 at BL-

45XU and BL-47XU, or laboratory scale X-ray. Wave length,

camera length, and detector of synchrotron X-ray were set at

0.1 nm, 90 mm, and CCD camera, respectively. The laboratory

scale X-ray measurement were carried out using Ni-filterd Cu

Ka radiation of a wave length 0.15418 nm, from a rotating

anode X-ray generator (Rigaku RU-200BH). Imaging plate was

chosen as a detector.

RESULTS AND DISCUSSION

Thermal Properties of P(3HB-co-3HH)

Grass transition temperature (Tg) was detected at 2�C and two

melting temperatures (Tms) were observed at 121�C (Tm1) and

138�C (Tm2). Tm1 and Tm2 seem to be due to the melting of

original crystals and melt-recrystallized crystals, respectively.

Since thermal degradation temperatures of P(3HB-co-3HH) and

P(3HB) are almost same as 220�C, and Tm of P(3HB-co-3HH)

is lower than that of P(3HB) (ca.178�C), the spinnability of

P(3HB-co-3HH) is better than that of P(3HB).

Thermal Degradation Behavior of P(3HB-co-3HH)

Figure 2 shows the relationship between melting time and

molecular weights (Mw and Mn) at each melting temperature.

In the case of the curves at melting temperatures over 180�C,

the molecular weight drastically decreased. Especially, initial

thermal degradation quickly progressed, for example, the Mw of

curve at 200�C has become to half during melting for 3 min of

melting time. The cause of drastically decreasing within a few

minute is the random thermal degradation of molecular

chains.38,39 In the case of the curve at low melting temperature

such as 170�C, thermal degradation relatively mildly progressed.

If the thermal degradation of the P(3HB-co-3HH) molecular

chains occurs randomly, the number-average degree of polymer-

ization (Pn,t) at time t is given by a reversible reaction with

second-order kinetics [eq. (1)].39,40

Figure 2. The relationship between melting time and (A) weight-average

molecular weight, (B) number-average molecular weight, and (C) inverse

average degree of polymerization at different melting temperature:

(•)170�C; (�)180�C; (~)190�C; (3)200�C.

Table I. Thermal Degradation Constants (Kd) of Each Sample at Four

Temperatures (170, 180, 190, and 200�C), as Calculated from the Slope of

Melt-Spinning Time Versus 1/Pn in Figure 2C

Melting
temperature Sample

P(3HB-co-3HH) P(3HB)40

170�C 0.180 3 1024 min21 –

180�C 0.464 3 1024 min21 0.323 3 1024 min21

190�C 0.716 3 1024 min21 0.533 3 1024 min21

200�C 1.470 3 1024 min21 1.021 3 1024 min21
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1

Pn;t
5Kdt1

1

Pn;0
(1)

Here, Pn,t is average degree of polymerization at melting time

after t min and Pn,0 is initial average degree of polymerization.

Inverse average degree of polymerization, which is calculated

from Mn, is plotted as a function of melting time in Figure

2(C). Thermal degradation mode of P(3HB-co-3HB) seems to

be randomly since the plotted points in Figure 2(C) have linear-

ity. The thermal degradation constants (Kd) are calculated from

the slope of these lines are listed in Table I. The large value of

Kd indicates the easily progress of thermal degradation. The cal-

culated Kd value of P(3HB-co-3HH) at each temperature is

smaller than that of P(3HB).40 The Kd values of another

P(3HB) copolymers, such as poly[(R)-3-hydroxybutyrate-co-

(R)-3-hydroxyvalyrate] (P(3HB-co-3HV)) and poly[(R)-3-

hydroxybutyrate-co-4-hydroxybutyrate](P(3HB-co-4HB)), are

also reported to be smaller than that of P(3HB) by Kunioka

and Doi.39 Thus, P(3HB-co-3HH) is also degraded later than

P(3HB) as same as other P(3HB) copolymers.

The logarithm of constant Kd at each melting temperature is

plotted against inverse temperature in Figure 3. The activation

energy (Ea) was calculated from the slop of line in Figure 3.

The large value of Ea means high resistance for thermal degra-

dation. The Ea values of P(3HB-co-3HH) and P(3HB) were cal-

culated as 118 and 102 kJ/mol, respectively, and these values are

very close. This result and low melting temperature of P(3HB-

co-3HH) also indicate the wide working temperature range of

P(3HB-co-3HH) compared with P(3HB).

Melt-Spinning of P(3HB-co-3HH) Fiber

The molten state conditions of P(3HB-co-3HH) were observed

at different melting temperature and melting time to be able to

spin the fiber. Immediately after heating at all melting tempera-

tures, it was difficult to spin the fibers because the molten

P(3HB-co-3HH) remained hard and brittle, indicating that the

polymers did not completely melt. When the longer melt-

spinning time was applied, continuous spinning was enable

because of the low melt viscosity of the molten samples by

Figure 3. Arrhenius plot for the constants Kd of randomly chain scission

for (•) P(3HB-co-3HH) and (~) P(3HB),40 respectively.

Table II. Mechanical Properties of One-Step and Two-Step Cold-Drawn Fibers

Specimen 1st drawing
ratio

2nd drawing
ratio

Total drawing
ratio (TDR)

Tensile strength
(MPa)

Elongation at break
(%)

Young’s modulus
(GPa)

One-step
cold-drawn
fiber

1 – 1 78 6 7 821 6 75 0.91 6 0.35

4 – 4 182 6 12 222 6 43 0.93 6 0.37

8 – 8 271 6 41 62 6 17 1.58 6 0.48
10 – 10 281 6 69 78 6 32 1.40 6 0.36

Two-step
cold-drawn
fiber

4 1.5 6 290 6 6 81 6 66 1.67 6 0.90

4 2.0 8 332 6 44 46 6 28 1.91 6 0.48

8 1.2 9.6 369 6 19 42 6 19 2.34 6 0.13

8 1.5 12 420 6 14 38 6 6 2.13 6 0.44

Figure 4. Tensile strength as a function of TDR. Three symbols indicate

that (•) is one-step cold-drawn fiber from as-spun fiber: (w) is two-step

cold-drawn fiber from one-step cold-drawn fiber with DR of 4: (�) is

two-step cold-drawn fiber form cold-drawn fiber with DR of 8.
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thermal degradation. Melting temperature and melting time was

chosen at 170�C and 3–4 min, respectively, because that the

reduction of molecular weight was the smallest in spinnable

melting conditions.

One-Step and Two-Step Cold-Drawn Fibers

Tensile strength, elongation at break and Young’s modulus of

as-spun, one-step cold-drawn, and two-step cold-drawn fibers

are listed in Table II, and tensile strength was plotted as a func-

tion of one-step drawing rate in Figure 4. Tensile strength of

one-step cold-drawn fibers increased with increasing the one-

step cold-DR, while the tensile strength of as-spun fiber shows

78 MPa. The maximum value of tensile strength in one-step

cold-drawn fiber was shown 281 MPa at maximum DR of 10.

Tensile strengths of two-step cold-drawn fibers are also plotted

in Figure 4. The abscissa axis of Figure 4 indicates the total

drawing ratio (TDR) which is multiplication of one-step and

two-step cold-DR. The one-step cold-drawn fibers with one-

step cold-DR of 4 or 8 were able to draw furthermore until at

two-step cold-DR of 2.0 (TDR 5 4 3 2 5 8) or 1.5 (TDR5 8 3

1.5 5 12). The tensile strength of two-step cold-drawn fiber at

TDR of 8 was higher than those of one-step cold-drawn fiber

with one-step drawn ratio of 8, which means two-step cold-

drawing has much effect on the improvement of tensile strength

of P(3HB-co-3HH) fibers. The tensile strength of two-step cold-

drawn fibers with at TDR of 12(8 3 1.5) was achieved to be

the highest value of 420 MPa.

Optimization of Intermediate Annealing Time on Two-Step

Cold-Drawn Fibers

In this section, the two-step cold-drawn fibers with different

intermediate annealing time were investigated to understand the

influence of intermediate annealing time. Three types of fibers,

one-step cold-drawn fibers with DR of 8, two-step cold-drawn

fibers at TDR of 9.6 (8 3 1.2) and 12 (8 3 1.5), were prepared

with different intermediate annealing time of 1, 5, 10, 15, and

30 min. Figure 5 shows the tensile strength of three types of

fibers as a function of intermediate annealing time, and the ten-

sile strength, elongation at break and Young’s modulus of fibers

were listed in Table III. The tensile strengths of one-step cold-

drawn fiber with DR 5 8 show about 300 MPa regardless inter-

mediate annealing time. The tensile strengths (400 MPa) of

two-step cold-drawn fibers at TDR 5 9.6 (8 3 1.2) show maxi-

mum value at intermediate annealing time of 10 min. And, ten-

sile strength of two-step cold-drawn fiber with TDR 5 12 (8 3

1.5) had the maximum value when intermediate annealing time

was 5 min. This maximum tensile strength is 552 MPa which is

the highest value in reported P(3HB-co-3HH) fibers by our

knowledge. Thus, 5 min of intermediate annealing time is

Figure 5. Tensile strength as a function of intermediate annealing time.

DR 5 8 indicate one-step cold-drawn fiber with DR of 8 (~). TDR59.6

(w) and TDR 5 12 (�) indicate two-step cold-drawn fibers with TDR of

9.6 (8 3 1.2) and 12 (8 3 1.5), respectively.

Table III. Mechanical Properties of One-Step and Two-Step Cold-Drawn Fibers with Different Intermediate Annealing Time

Specimen Annealing
Time (min)

Tensile
strength (MPa)

Elongation
at break (%)

Young’s
modulus (GPa)

One-step cold-drawn fiber at
drawing ratio of 8

1 322 6 69 63 6 23 2.81 6 0.91

5 300 6 72 70 6 15 2.75 6 0.53

10 308 6 76 37 6 16 1.88 6 0.07

15 383 6 46 70 6 15 2.25 6 0.76
30 281 6 69 78 6 32 1.40 6 0.36

Two-step cold-drawn fiber
at total drawing ratio of 9.6
(8 3 1.2)

1 406 6 84 59 6 20 2.24 6 1.08

5 403 6 42 60 6 9 2.60 6 0.66

10 425 6 37 43 6 4 2.87 6 0.44

15 389 6 56 40 6 8 2.23 6 0.96
30 369 6 19 42 6 19 2.34 6 0.13

Two-step cold-drawn fiber
at total drawing ratio of 12
(8 3 1.5)

1 346 6 51 85 6 54 2.26 6 0.71

5 552 6 99 48 6 22 3.76 6 1.38

10 455 6 64 39 6 11 3.13 6 0.61

30 420 6 14 38 6 6 2.13 6 0.44
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enough to increase the tensile strength of two-step cold-drawn

fiber. The appearance of the maximum value with changing

intermediate annealing time probably concerns an amount of

formed b-form. Our group has reported the positive correlation

between tensile strength and the amount of b-form in previous

report.35 In the case of two-step cold-drawn fiber with

TDR 5 12, it is seemed that the short intermediate annealing

time at 1 min formed a little tie-chain due to low crystallinity,

Figure 6. The two-dimensional WAXD patterns of two-step cold-drawn fiber with intermediate annealing at (A) 1 min, (B) 5 min, and (C) 10 min. (D)

one-dimensional profiles on equator line of A, B, and C.

Figure 7. WAXD diagrams of one-step cold-drawn fibers with DR 5 8 (A), two-step cold-drawn fibers with TDR59.6 (B), and TDR512 (C). Intermedi-

ate annealing time of all fibers is 5 min. (D) The profiles on equator line were obtained fiber WAXD diagrams of A, B, and C.
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thus the amount of b-form is formed less. However, the long

intermediate annealing time from 10 to 30 min lead to grow

the lamellar crystals, and high crystallinity induces decreasing of

formed tie-chain and following formation of b-form from tie-

chain. The different intermediate annealing time of maximum

tensile strength between TDR 5 9.6 and 12 suggests that the

optimum intermediate annealing time is different depending to

TDR.

Wide-Angle X-ray Diffraction

To investigate the relationship between annealing time and the

amount of b-form structure, WAXD measurements were carried

out for the two-step cold-drawn fiber with different annealing

time at 1, 5, and 10 min by laboratory scale X-ray, which shown

in Figure 6(A–C). Figure 6(D) shows the equator line profiles

obtained from these WAXD patterns. All equator line profiles

were standardize by the intensity of diffraction from a(020).

The amount of b-form structure of two-step cold-drawn fiber

with annealing time at 5 min is the largest value. This result

supports the mechanical properties of two-step cold-drawn fiber

with different intermediate annealing time.

Figure 7(A–C) shows the WAXD patterns of one-step cold-

drawn fiber at DR 5 8, two-step cold-drawn fiber at TDR 5 9.6

(8 3 1.2) and at TDR 5 12 (8 3 1.5), respectively. The inter-

mediate annealing time of these fibers are 5 min. These WAXD

patterns were obtained using synchrotron X-ray. When com-

pared the line profiles data, the intensity of b-form of two-step

cold-drawn film with TDR 5 12 is very strong. Thus, it is prob-

able that a large segment of b-form structure was formed

by two-step cold-drawing at TDR between 9.6 and 12. The

difference in amount of b-form structure between DR 5 8

and TDR 5 9.6 is small compared with difference between

TDR 5 9.6 and TDR 5 12, despite the difference in tensile

strengths of TDR 5 9.6 and TDR 5 12 is large. These results

would yield that the strengthening mechanism of above or until

TDR 5 9.6 is different. In the case of TDR until 9.6, the

strengthening mechanism is mainly caused by molecular chain

orientation. Conversely, in the case of high TDR as TDR 12, the

strengthening mechanism includes the influence of formed b-

form structure.35

CONCLUSIONS

In this article, we investigate the thermal degradation of

P(3HB-co-3HH) during isothermal melting for melt-spinning.

And then, to prepare the P(3HB-co-3HH) fibers with high ten-

sile strength, we have attempted to apply two-step cold-drawing

method with intermediate annealing process. The melt-spinning

condition was chosen the melting temperature at 170�C and the

melting time for 3-4 min based on results which are analysis for

thermal properties and the measurement of thermal degradation

behavior. When applied one-step cold-drawing method for

P(3HB-co-3HH) fiber, the tensile strength of P(3HB-co-3HH)

fiber was improved from 78 MPa (as-spun) to 281 MPa (one-

step cold-drawing method at DR 5 10). Furthermore, two-step

cold-drawing method with intermediate annealing process

increased the tensile strength of P(3HB-co-3HH) fiber until 552

MPa. These results show that the two-step cold-drawing with

intermediate annealing process is effective for improvement in

tensile strength of P(3HB-co-3HH) fiber. The WAXD

measurement revealed that the P(3HB-co-3HH) fiber with high

tensile strength includes a lot of b-form structure.
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