CHAPTER V

Results and Discussion

5.1 PHB characterization

5.1.1 IR spectroscopy = : {/-4

FT-IR spectra of Bi \\\ ented in-Figure 5.1, 5.2 and

PHB which was fermented and

isolated at the Biochemic 2l \\ \ \ gkorn University by Dolarom
[1999]. This type of PH 3 £ \\\ gure 5.5 presents FT-IR spectra
of PHB which was kind| : . - ‘ @ \ \ a and Hiroshi Shimizu from
Department of Biotechnol aduate. sehool o :\ ering, Osaka University, Suita,

Japan. This type of PHB will this work, FT-IR spectra of “PHB-

Dolarom” and “PHB-Japan” are used to compare with those of Biomer, f-

PHB1 and f-PHB2. THgywale numbers of the & are summarized in Table

5.1.
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Figure 5.1 FT-IR spectra of Biomer in the wave number range of 4000-400 cm”
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Figure 5.2 FT-IR spectra of f-PHB1 in the wave number range of 4000-400 cm”
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Figure 5.3 FT-IR spectra of f-PHB2 in the wave number range of 4000-400 cm”
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Figure 5.4 FT-IR spectra of “PHB-Dolarom" in the wave number range of 4000-400 cm”
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Figure 5.5 FT-IR spectra of “PHB-Japan” in the wave number range of 4000-400 cm”’
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Table 5.1 Wave number of absorption peaks and molecular vibration

of five PHB samples

Type of PHB

o o &

5 = T ’ Molecular vibration*

i3] o o

é
T —

Wave number of the absefptio 5:\ —

i L 22 AN\
3440 | 3439 | 343 ¥ \dsorptioh, of hydroxyl end groups
2082 | 2081 | 2981 29837 JiCH, ic stretching
2936 | 2936 | 2936 9 ‘ hﬁj ; 5 as) ric stretching
2878 - 2878 p f o tric stretching

- - | 2379 | 2362
1721 | 72t | 17 1728~ | 17
1637 | 1633 | 1637
1457 1457 1459 || 1 : ormation, CH, asymmetric

. Wdlng

1382 | 1383 : " tric bendi

- - f13se | - | -

f N QJ

1292 f~129% 1
1230 g123 1229 1229 | 1229 | Probably C-C-O asymmetric vibration
1186 1186 1186 1187 1185 | C-O stretching and C-C skeletal

51

* From Noda et al. [1999], Zhang et al. [1997a], Zhang et al. [1997b], Withey and Hay

[1999] and Juttner et al. [1975).



Table 5.1 Wave number of absorption peaks and molecular vibration

of five PHB samples (cont.)

Type of PHB /
_,,-__-‘:,_
5 - - 5% ————
2 o ) 3 ‘m e
=3 T S - ular vibration
— o o
@ o o
Wave number of the absor, c -
1133 | 1134 | 11 134 )L, 1183 d C-C skeletal
1102 | 1102 | 110 1101
1059 | 1059 | 1059 |1 7 46C-O's nd others
981 | 981 | 980 /{42980 1+ ckand C-C skeletal
935 | 934 | 934 - AR
898 | 898 !
828 | 828
_ po— i [
601
516
459
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FT-IR spectroscopy of PHB is also presented in the work of Noda et 4. [1999],
Zhang et al. [1997a), Zhang et al. [1997b], Withey and Hay [1999] and Juttner et al. [1975].
Noda et al. [1999] presented the table summarizing the wave number of the absorption
peaks and type molecular vibration of PHB, as noted in Table 5.1. Zhang et al. [1997a] and

[1997b] found that the absorption of the hyd I end groups of PHBwas observed at the

wave number of 3436 cm”. The car showed C=0 stretching bands of

PHB are observed at the wave n r eombergen et al. [1986] found

that the absorption peaks Wepr ent ands and C-C bands were

peaks are observed at the w. which were represented the

molecular assignments ofdCt ‘ .and’ be ' ively. Juttner et al. [1975]
d il ) WY

also showed the FT-IR aSorpfio i whic epresented to C=0 band, was

absorption peaks mentiong in the 1 o¢ serve@n all PHB samples except

the absorption peak at the ‘Nave number of cm . which was represented to CH,

e fl U ¢) Wﬂﬂﬁﬂﬂqﬂﬁ
PHB areF ﬁjﬁ:}i@g} ‘imsﬂm Vit 64 e

nge of wave number. This result pre lmmary assures that the

polymer which was acquired by fermentation in this work is PHB.
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5.1.2 Molecular weight measurement

Table 5.2 presents the results on weight average molecular weight (M,,), number
average molecular weight (M,) and molecular weight distribution (MWD) of five PHB
samples randomly selected from different batches of f-PHB purification. The data of the

M,, of Biomer supplied by Biomer company is also presented in the Table 5.2 (The data

of the M, and MWD of Biomer are unavai //

Table 5. d WD gp Biomer

Samp r-\‘h

_ MWD

numb v
1 246 == 106, 5.626
2 7 496‘5’;’, 1736 3.869
3 43185, 144,199, 4.877

o
4 | FB49604-- |- 169 4.309

‘ﬁq—_..
5 1,023,765+ 1/ 4 6.213
Bio P — ~

7

The results of five f-PHB samples mdtcates that M,, of f-PHB varies in a wide

WA 11 A{iali) 12—
My DT/ e 15

Three main factors which affect to the molecular weight of PHB are types of
microorganism which accumulate PHB, growth condition of microorganisms and PHB
extraction method [Lee, 1996]. f-PHB was synthesized and accumulated by
fermentation the bacterial stain Alcaligenes Eutrophus using glucose as sole carbon

source. f-PHB was isolated from the bacterial cells by solvent extraction method (using
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chloroform as the solvent). The detail of the effect of PHB extraction method is
presented in Appendix C. From the literatures, the molecular weights and molecular
weight distributions of PHB which was synthesized and accumulated by the bacteria
strain Alcaligenes eutrophus using various chemicals as carbon source and various

isolation method are summarized in Table 5.3

M, reported by Doi. et al [19 nioka et al. [1989] are acquired by
indirect method of intrinsic visco ’ ii M,s were calculated by using

the correlation of the intrins@ anc:'u\/lw ich was presented in the work

of Zhang et al. [1997] as 7"

_,,*— E A
#--,x..wuf
Eﬁm 500606 02, 006.. 00 fri to 1,000,000 and from

the carbon source. It is s wn B are in the same range

as those of PHB fermenteg by using carbon, espemally PHB fermented by Dolarom

[1999] becauseﬂe‘[ﬂrﬁ&é}%ﬁ% % w&jq/ﬂ §jfouowed that was

proposed in the Wark of Dolarom [1999] The M, M, of PHB presented in the work of
Hahn e ﬁﬁl a q Tmm lﬂlﬂh@WPﬁ ﬂ[hﬁwﬁlof Hahn et
al. [199:% r tha of f:

The M,, M, and MWD of PHB which fermented by using butyric acid as sole
carbon source were reported by Abe et al. [1997], Kunioka et al. [1989], Noda et al.
[1999] and Doi et al. [1988]. From Table 5.3, it can be concluded that the M, of PHB
which fermented by using butyric acid as sole carbon source varies around 300,000 to

600,000 g/mol. The M, and MWD are around 250,000 g/mol and 2.2, respectively. The
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M, and M, of PHB fermented by using butyric acid are in the same range of those of f-

PHB. The MWD of PHB fermented by using butyric acid is lower than that of f-PHB.

Another group oi PHB including PHB fermented by other carbon sources and
PHB with unspecified the data of carbon source is also shown in Table 5.4. It is shown

that the M,,, M, of f-PHB is in the same range of those of PHB in this group.

From Table 5.3, it can be primarily.con¢ \at -PHB which was fermented in

this work has the M,, M, and"MWD.in : figeas those of PHB reported in the

literatures.

AULINENTNEINS
ARIANTAUNM TN




Table 5.3 M,,, M, and MWD of PHB fermented with various types of carbon source and PHB isolation method

Carbon source PHB isolation method M, MWD Reference
(g/mol)
Sodium hypochlorite digestion.
Glucose 151,551 5.09 Dolarom [1999]
and chloroform
Glucose Solvent extraction (chloroform) . 1,200,000 1.80 | Hahn et al. [1995]
Glucose Solvent extraction (chloroform) : Doi et al. [1988]
N ] }
Sodium hypochlorite digestion Tli
Glucose 293,103 3.48
and chloroform Hahn et al. [1994]
Glucose Solvent extraction (chloroform) 530,000 2.4
Sodium hypochlorite digestion £ Hahn et al. [1993]
Glucose 500,000 2.0
and chloroform £
Butyric acid - 646,300 4 281,000 23 Abe et al. [1997]
DN
Butyric acid Solvent extraction (ch|oroform)Fj,jpl-gzﬂjq—g-y]I — W?J ﬂ j,,’ Doi et al. [1988]
u 2.8 298,574* - -
N 1 o Qs
Butyric acid - ) W” ANIERIV R N2 CN a 20501%| | 21 |Nodaetal [1999]
Butyric acid | Solvent extraction (chlorof%rm) 9.3 502,122* - - Kunioka et al. [1989]

1S



Table 5.3 M,,, M, and MWD of PHB fermented with various types of carbon source and PHB isolation method (cont.)

PHB isolation method Intrinsic viscosity ' M

Carbon source " MWD Reference
(g/mol)
Fructose - 387,894 1.9 Noda et al. [1999]
Acetic acid Solvent extraction (chloroform) Doi et al [1988]

Solvent extraction (chloroform)

Sodium hypochlorite

Ramsay et al. [1994]

Ramsay et al. [1989]

* M,, acquired by indirect method of intrinsic viscosity measuremieats - 85

S — )
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5.1.3 DSC Measurement

The DSC thermograms of the first and second héating of Biomer, the first and
second heating of f-PHB1 and the first and second heating of f-PHB2 are presented in
Figure 5.6, 5.7,5.8, 6.9, 5.10 and 5.11, respectively. In the first heating of Biomer, f-

PHB1 and f-PHB2, the melting endothermic peak is observed at the temperature

179.2°C, 178.5°C and 179.6°C, r e enthalpy of fusion (AH) of the
f:

Biomer, f-PHB1 and f-PHB2 rom the area under melting
endothermic peak is 98.9, N JQ respnﬁudehe degree of crystallinity of

Biomer, f-PHB1 and f-PH(’. \hemthalpy of fusion is 67.7%,

67.7% and 66.2%, respectiv

0°C/min), PHB may not

have enough time to for . e crystal izati ) he amorphous phase can

be observed. In the secon sition temperature (T,) of Biomer, f-
PHB1 and f-PHB2 is therefor and 3.2°C, respectively. The
cold crystallization temperature (I")T Qly de in -PHB1 and f-PHB2 at 45.3°C
and 45.8°C, respectivel r, -PHB1 and f-PHB2

is observed at 174.6 he enthalpy of fusion

(AHf) of the Biomér. P 1 and f-PHB2 is 101.7, 104.2 and

degree of crys ﬁ m@ ﬁ:{ 1.4% and 62.5%,

respectively. Th ﬁm ﬁiﬂ’j ﬂjmmarized in Table
QW’] a\‘iﬂ‘ml UNIAINYAY

Consxdenng the second heating in the Table 5.4, it is shown that the thermal

.2 J/g, respectively. The

properties of f-PHB1 and Biomer are similar. The thermal properties of f-PHB2 are
different to those of f-PHB1 especially the degree of crystallinity. The difference may be
due to the difference in the molecular weight of f-PHB1 and f-PHB2 presented in the

previous section.
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From Figure 5.6 to 5.11, all of the DSC thermograms show two melting peaks.
The lower-temperature peak looks like the shoulder of the higher-temperature peak. This
phenomenon is also observed by Yoshie et al. [2000], Zhang et al. [2000], Dubini Paglia
et al. [1993] and Lee et al. [1997]. Yoshie et al. [2000] concluded that the two-melting
peak behavior was often observed in single-polymer system in which

melt/recrystallization process occurs during DSC heating run. Zhang et al. [2000]

is accociated with the as-formed Ciyste ile 1 i perature peak is associated

with the melting of cryst{ ‘ Srystalli process during the DSC

heating.

Dubini Paglia ppeéring at the lower
temperature was corresp crystal of the crystallized
PHB. The second endother elting of reorganized crystal

with the first heating ofEiomr, ) B2"G whﬂu the s_ampIes were also
prepared by solution casting 'aethod. The first Wting can be assumed to be the melt-

et ol AR V) 1] 3

Y
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Figure 5.6 DSC thermogram of the first heating cycle of Biomer
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Figure 5.7 DSC thermogram of the second heating cycle of Biomer
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Figure 5.9 DSC thermogram of the second heating cycle of f-PHB1
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Table 5.4 Thermal perperties of Biomer, f-PHB1 and f-PHB2

First heating cycle

“-.\Q

Second heating cycle

. Degree of
Sample T, AH, T, AH,

\\ : crystallinity

Co | g / ﬁ EONNEY | o [ wo %)

Biomer 179.2 98.929 I‘ﬁ ‘\\\ 174.6 101.693 69.6

f-PHB1 178.5 98.831 6 A ‘L 175.1 104.222 71.4
fliﬁ ‘ -

f-PHB2 179.6 96.647 66.2 7270 238 58 | 179.2 91.199 62.5

.P'r

7

) >
ﬂuﬂqwﬂwswawnﬁ ,
AMAINTUUMING1NY

x J

29
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The thermal properties of PHB which were reported in the literatures were

summarized in Table 5.5, comparing with the result of this work. It can be seen that the
T, of PHB is observed around -5°C to 5°C or 0°C to 20°C. The melting temperature

(T_) is observed around 170°C to 180°C and the degree of crystallinity of PHB is
around 60-80%. It is concluded that the Tg. T,, and degree of crystallinity of Biomer, f-

PHB1 and f-PHB2 are in the same range as those of PHB reported in literatures.

Table 5.5 Ther / ented in literatures

Degree of
Group of Resg -
Crystallinity (%)

Anderson and Dav 60-80
[1990]

Azuma et al. [19 58
Orts et al. [1992] 59

Pearce et al. [1992] & Jfieas 4. i‘;_":' 7 -

Scandola et al. [1992] ‘__.‘.“7'?

Pearce et a@gdﬂ

Bibers et al. [2001] 5 183 58
Mitomo et al. [2001] 4 | e | -
This work (Biomer) 2.9 174.6 69.6_
This work (f-PHB1) 2.3 175.1 71.4
This work (f-PHB2) 3.2 1792 | 625
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From the FT-IR spectroscopy, molecular weight_nmeasurement and thermal
property measurement, it can be concluded 'that the f-PHB is truly PHB. The
macromolecular substance acquired from fermentation of the bacterial strain
Alcaligenes eutrophus and its fundamental characteristics and properties are not

different from the literatures.

AU INENTNEINS
AN TUAMINAE
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5.2 Effects of modifying agents on PHB properties
5.2.1 Mechanical properties

5.2.1.1 Biomer/PPG blends

The effects of the PPG con he mechanical properties of PHB are

ults of tensile properties of the

considered in this section. Tab ’)
Biomer/PPG blends. Figur&s thmaw strength of the Biomer/PPG

blends. The maximum tm-—f ( : ing 10%, 20%, 30%, 40%

and 50% of PPG is lo iomer 3.0%, 41.9%, 50.2%, 85.8% and

94.7%, respectively. li f he, maxin strength of Biomer/PPG

blends decreases gr: Il with fan =ine esing G content. The result is in
-, S 4

agreement with the work offBi t al-f19

Modulus of Elasticity
Blend

(GPa)
Pure Biomer 1.664
Bomer10%PPG | ¢ . 11.12 124 1.408
Biomer/20%Pﬂ EJ 'J éﬂ EJ a :W E}Sg | f _'3 1.249
Biomer/30%PPG 827 4 255 o 0836
BiomQWEGI agﬂ ﬂ?ﬂ l. ’ ii F?I E 221
Biomer/80%PPG 0.88 ' 6.94 0.118

Figure 5.13 shows the %elongation at break of the Biomer/PPG blends. For the
blend containing 0% to 20% of PPG, the % elongation at break of the Biomer/PPG
blends varies in a narrow range. The %elongation at break of the blend containing 30%,
40% and 50% of PPG is higher than that of pure Biomer by 64.5%, 77.3% and 77.7%,

respectively. It seems that the effective PPG composition that can improve the %
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elongation at break of Biomer is around 20%-30%. Higher PPG composition than 40%
seems to h;ve no further effect on the %elongation at break of Biomer blends. The
characteristic of the %elongation at break changing with various content of PPG in the
Biomer/PPG blends is consistent with that of the %elongation at break changing at
various content of plasticizer in the PHB/plasticizer blends which were studdied by

Bibers et al. [1999]. They found that at small plasticizer concentrations, the %elongation

30%, an insignificant inc

Effect of PP

20

on . raxtmum fens ength of Biomer
/ ,\\\\ \
L ¥ X
: S e

ﬂ‘Uﬂ’J'ﬂﬂ"ﬂ 181173

Maximum Tensile Strength (MPa)

‘ = T
al- 0 £ v 1 Q100 ™ MN\D ElﬁﬁEl
r1 11 \ '|‘|Fr |' y J”
q
0 T |. T T T

0 10 20 30 40 50 60
Polypropylene glycol content (%)

Figure 5.12 Maximum tensile strength of the Biomer/PPG blends




72

Figure 5.14 shows the modulus of elasticity of the Biomer/PPG blends. The
modulus of elasticity of the Biomer/PPG blends decreases with an increasing of the PPG
content. It is clear that the stiffness of the Biomer/PPG blends decreases when PPG is
added. The modulus of elasticity of the blends containing 10%, 20%, 30%, 40% and
90% of PPG is lower than that of pure Biomer by 15.6%, 25.2%, 50.4%, 87.8% and

94.0%, respectively.

| —

Effect of PPG.eonité: preak of Biomer

o /TSN

10

%Elongation at break (%)

0 10 20 30 40 50 60
Polypropylene glycol content (%) ‘

Figure 5.13 %Elongation at break of the Biomer/PPG blends
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Effect of PPG content on modulus of elasticity of Biomer
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Figure 5.14 Modulus :i-;_- P{r{_ ¢ 8 Biomer/PPG blends
Figure 5.15 pregent he iomer/PPG blends at

various PPG concentrations. The area under extension-load crve can be referred to the

toughness of pol eﬁﬁ 5 it %:( ; re.Biomer is changed
from a hard andﬁitt nimsﬂlﬁd ?jﬂeﬁﬂimn 10%-20% of
PPG is added begguse the modulus offelasticity andathe extension aréiléwered. Then
e bl ol G4 o PPl g 1o olsriohd b e bend
containinngo% of PPG as the modulus of elasticity is lowered and the extension is
increased. The blend containing 40% and 50% of PPG is softer and tougher than the

blend containing 30% of PPG as seen from the very low modulus of elasticity and the

long extension.
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Figure 5.15 Extensmn load curve of the Biomer/PPG blends at various PPG contents
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5.2.1.2 Biomer/PG blends

75

The results of tensile properties of the Biomer/PG blends are presented in Table

5.7. Figure 5.16 shows the maximum tensile strength of the Biomer/PG blends. The

maximum tensile strength of the Biomer/PG blends decreases with an increasing of the

PG composition. The maximum tensile strength of the blends containing 10%, 20%,

30%, 40% and 50% of PG decrea

77.2% and 83.7%, respectiv

AUt INenIney-

W/@f pure Biomer by 9.0%, 26.8%, 60.5%,

ARIAIATANNIY

| — %
| Tablc ST tties of the. G blends
’ﬁtf at | Modulus of Elasticity

Blend : .
L v K'© (GPa)
Pure Biomer -7 1.664
Biomer/10%PG e 1707
Biomer/20%PG _,i:_ . 72 1.238
Biomer/30%PG S 4.55 0.714
Biomer/40%PG 0.371
Biomer/50%PG 0.386

N9
YN
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Effect of PG Content on maximum tensile strength of Biomer

25

N
o

/

Maximum Tensile Strength (MPa)
S

()]

AT

Figure 5.17 shows the %elongation at break ofthe Biomer/PG bleAds. From 0%
@k

to 20% Q;IP - t;;] ﬁoﬂ@ﬁ um&qmﬁlﬁsﬂ a narrow

range. The %elongation at break increases sharply for the blend containing 30% of PG.
The %elongation at break of the blend containing 30% of PG is higher than that of pure
Biomer by 193.5%. The %elongation at break of the blend containing 40% reaches the
highést value with 438.7% higher than that of pure Biomer. The %elongation at break of
the blend containing 50% of PG decreases from the maximum but still higher than that

of pure Biomer by 56.1%.
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Effect of PG content on %Elongation at break of Biomer
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modulus of elasticity of the blend containing 10% of PG is about the same as that of
pure Biomer. The modulus of elasticity of the blends containing 20%, 30%, 40% and
50% of PG is lower than that of pure Biomer by 25.6%, 57.1%, 77.7% and 76.8%,

respectively.
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Effect of PG content on modulus of elasticity of Biomer

Modulus of Elasticity (GPa)

50 60

Fﬂ‘“ﬁ?ﬂ THIT PRI
YAl i e ar b nC

and brittle material to a softer and more brittle material when 30% of PG is added. The
extension-load curve of the Biomer/PG blends with 0%to 20% of PG is changed from a
high modulus of elasticity and low extension pattern to a lower modulus of elasticity and

higher extension for the blends containing 30% -50% of PG.
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5.2.1.3 Biomer/ESO blends

The tensile properties of the Biomer/ESO blends are presented in Table 5.8. The
maximum tensile strength of Biomer/ESO blends is shown in Figure 5.20. The maximum
tensile strength of Biomer/ESO blend decreases with an increasing of ESO composition.
The result is consistent with that of Biomer/PPG and Biomer/PG blends. The maximum

/0%. 30%, 40% and 50% of ESO is lower

‘/)nd 73.1%, respectively.

Biomer/ESO blends. The

tensile strength of the blends containini

Figure 5.21 sho

%elongation at break I8 not different from that of

Maximum tensile strength | %Elongation at | Modulus of Elasticity

BIénd 1
UL TIE €T Lot Sl
Pure Biomer | ¢ 6. T

Biomet/A0%ESO-, | » H 1l ré” GISOB
Biomer/%i io aﬁﬂ% 4 017
Biomer/30%ESO 10.19 5.31 1.037
Biomer/40%ESO 6.62 3.48 0.638

Biomer/50%ESO 4.46 2.70 0.473
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Maximum Tensile Strength (MPa)
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Effect of ESO content on %elongation at break of Biomer

%Elongation at Break (%)
w

60

PR N
] W T T

modulus of elasticity of the blends containing 10%, 20%, 30%, 40% and 50% of ESO is
lower than that of pure Biomer by 9.4%, 38.9%, 37.7%, 61.7% and 71.6%, respectively.
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Effect of ESO on modulus of elasticity of Biomer
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Figure 5.22/Medulus of Elasticity,of the Biomer/ESO blends
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Figure 5123 presents the extensnon-load curve of the Blomer/ESO blends at

A1 N b
material e softer and more brittle material for the blend containi of ESO. The

blend containing 20% and 30% of ESO become softer and tougher than the blend
containing 10% of ESO. The softness and dubtility of Biomer/ESO blend gradually
decreases in the blend containing 40% and 50% of ESO.
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Figure 5.23 Extension-load curve of the Biomer/ESO blend at various ESO contents
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5.2.1.4 f-PHB1/PPG blends

Table 5.9 presents the tensile properties of the f-PHB/PPG blends. Figure 5.24
shows the maximum tensile strength of the f-PHB1/PPG blends. The maximum tensile
strength of the f-PHB1/PPG blend continuously decreases with an increasing of PPG
content. The maximum tensile strength of the blend containing 10%, 20%, 30%, 40%

W1 by 1.3%, 20.4%, 66.2%, 77.5% and

and 50% of PPG is lower than that

91%, respectively

Table °G blends
Modulus of Elasticity
Blend

(GPa)
Pure f-PHB1 1.629
f-PHB1/10%PPG 1.618
f-PHB1/20%PPG 1.160
f-PHB1/30%PPG 0.432
f-PHB1/40%PPG 0.428
f-PHB1/50%PPG 0.153

Figure 5.25 showssthe, %elongation at preak of the f-PHB1/PPG blends. For the

blends containﬂ (%t%)%%(&lh%% %Oﬂ'q'ﬁ @htly increases from

1.59% to 3. 34%“’he %elongation at greak of the blends containing 30% and 40% of

7o SR 5 e P T B AP ppfon s

sharply ificreases to 58.82%.



86

Effect of PPG content on m_aximum tensile strength of -PHB1
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Effect of PPG content on %elongation at break of f-PHB1
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Figure 5.26 shows the modulus of elasticity of the f-PHB1/PPG blends. The

modulus of elasticity starts to decrease with an increasing of PPG content more than
10% in the blends. The modulus of elasticity of the blends containing 20%, 30%, 40%
and 50% decreases by 28.8%, 73.5%, 73.7% and 90.6%, respectively from that of pure
f-PHB1.
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Effect of PPG content on modulus of elasticity of f-PHB1
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F&ure 9.27 presents the extension-load curve of the f-PHB1/PPG blends at

various PPG contents. The extension-load curve of the f-PHB1/PPG blend is changed
from a high modulus of elasticity and low extension pattern for the blends containing
0%-20% of PPG, to a lower modulus of elasticity and higher extension for the blends

containing 30% -50% of PPG.
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5.2.1.5 f-PHB2/ESO blends

Table 5.10 presents tensile properties of the f-PHB2/ESO blends. Maximum
~ tensile strength of the -PHB2/ESO blends is shown in Figure 5.28. The maximum tensile
strength of the f-PHB2/ESO blends continuously decreases with an increasing of ESO

content. The maximum tensile strength of the blend containing 10%, 20%, 30%, 40%

777/032.5%, 56.4% and 62.0%, respectively
..-/-'"_.. -

Table 5-4@TensileProperties of the -PHB2/ESO blends

and 50% of ESO is decreased by 17.

from that of pure f-PHB2.

77

System Modulus of Elasticity

(GPa)
Pure f-PHB2 1.710
f-PHB2/10%ESO 1.671
f-PHB2/20%ESO 77 1.380
f-PHB2/30%ESO 1%,-_, T ;-, T __ . 9.93 1.289
-PHB2/40%ESO il 1.293
-PHB2/50%ESO £ 0.880

L/ )|
n at Break of the f-PHB2/ESO blends. For the

Figure 5. shows"irﬂl%elon atio ‘
blends contain uﬂ %%w Q)meieuﬂntmej varies in a narrow
U

range. The %elongation at break of the'blend containing 10% of ESO ig about the same

0@ AR FRSIRA I AR &) s

containina 20% and 30% of ESO and reaches the maximum value at the blend

containing 30% of ESO. The %elongation at break of the blends containing 40% and
50% of ESO decreases from that of the blend with 30% of ESO but they are still higher

than that of pure Biomer.
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Maximum Tensile Strength (MPa)

Effect of ESO content on maximum tensile strength of f-PHB2
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Elongation at Break (%)

Effect of ESO content on %elongation at break of f-PHB2
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Effect of ESO content on modulus of elasticity of f-PHB2
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Figure 5. BMulus of elasticityof the f-PHB2/ESO blends
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Figure 5%0 shows the modulus of elasttm%of the f-PHBZ/@O blends. The

oo QARG T MR B epree o

content. The modulus of elasticity of the blends containing 10%, 20%, 30%, 40% and
50% is decreased by 2.28%, 19.3%, 24.6%, 24.4% and 48.5%, respectively.



94

9.2.2 Effect of modifying agent types on the mechanical properties of Biomer

Figure 5.31 presents the effects of modifying agents on the maximum tensile
strength of Biomer/modifying agent blends. It can be noticed that the maximum tensile
strength of all Biomer blends continuously decreases with an increasing of the modifying
agent content. This result is consistent with that of Bibers et al. [2001] and Bibers et al.
[1999]. Bibers et al. [1999] studied th fF plasticizers such as dioctyl sebacate,
dibutyl sebacate, polyethylene \QIZCOXLW
properties of PHB. The resulS'shewed thg themn tensile strength values of all

PHB/plasticizers systems_-ug-f"f _ % increasing of plasticizer
content. .‘

Laprol 5003 on the mechanical

”.4'

from that of the pure Biomer. At 20%ﬁeac ng agent, the %elongation at break
of the blends starts tg _increase f' of'n” thaf o% this composition, ESO
B il "y

seems to have Strong\ﬁ :f":':f?"—'f':—;'.':":'-'g':':_;;‘_;;,—’ ''''''''''' S panng to PPG and PG.
At 30% of each modifyi‘@ agent, the %

b eakaf the blends continuously
increases from that of the dblends with 20% of modlfymg agent. At higher composition

than 30% of mﬂ/ waﬁ]rg'e?‘f[eﬁ %ﬁ w ﬁrjgfagﬂ %‘ the %elongation at

break tends to beé|changed. The %elongatlon at break of Biomer/ESO blends with 40%

T T

to 40%. Increasing modifying agent composition up to 50% suddenly reduced the
%elongation of Biomer/PPG blends. On the other words, the maximum %elongation at
break of Biomer/PPG, Biomer/PG and Biomer/ESO blends is occurred in the blend
containing 50% of PPG, 40% of PG and 30% of ESO, respectively. Generally, one can
see that the change in the %elongation at break depends on the composition of the

modifying agent in the blends. The most effective composition that can improve the
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%elongation at break of Biomer is different for each modifying agent. This might be due

to the uniform dispersion of the modifying—égents in the blends and maybe the effects of

the modifying agent in the crystal characteristics of Biomer.

Maximum Tensile Strength (MPa)

Hifect of modifying agent content on the maximum tensile strength of Biomer

: u\ “ 3 :}\\‘t /

10 A{/i’l\\\\\\

8 5) ‘\\\\\
7 P

AUHSRERINGINT

= =X = Bomer/PPG

-0+ Biomer/ESO

—=— Biomer/PG

AEIAIAIALINAINIAY.

Biomer/modifying agent blends
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Effect of modifying agent on the %elongation at break of BIOMER
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Figure 5.32 Effegtsaf modifying agerlgn the %elongation at break of
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elasticityj of Biomer. It can be noticed that the modulus of elasticity of the

Biomer/modifying agent decreases with an increasing of the modifying agent content. It
implies that Biomer is changed from a hard to soft maten’al when the content of

modifying agent is increased.
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Effect of modifying agent on Modulus of Elasticity of BIOMER
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Figure 6.33 Effegtggf modifying agevn the modulus of elasticity of
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FRTAN ﬂj“ﬁf ‘Wm T
is shoquthat the area under e ensuon-load curve of Biomer, lends is higher than

that of Biomer/PG and Biomer/PPG blend at every content of modifying agent studied
except the blend containing 40% of ESO. This implies that the Biomer/ESO blends seem
to be tougher than the Biomer/PG and Biomer/PPG blends.
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5.2.3 Effect of modifying agent types on the mechanical properties of f-PHB

The effects of the two modifying agents, PPG and ESO, on the maximdm tensile
strength of f-PHB are presented in Figure 5.34. It can be noticed that the maximum
tensile strength of f-PHB/modifying agent continuously decreases with an increasing of

the content of modifying agent. This result is similar to that of the Biomer/modifying

From Figure 5.34, it is also shown that the' . tensile strength of f-PHB2/ESO

blends is higher than that of f-PHB1/PF quifying'agent.
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Figure 5.34 Effects of two modifying agents on the maximum tensile strength of f-PHB
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Effect of modifying agent on %elongation at break of f-PHB
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Figure r ’ﬁ e m e the %elongation at
break of f-PHBﬁdﬁ Sgﬁiﬁrgjﬁ/h ‘ fj :lftiﬁ different effects on
the %elongétion?t break of f-PHB. Thé %elongationsat.break of f-PHB2.is improved by
acing EbYRut 1) § el fabocloties than . I $HBPP o bive 2 good
result in I!he elongation improvement. The %elongation at break of the f-PHB1/PPG

blends varies around 0% to 10% for the blend containing 0% to 40% of PPG but it is
greatly in_\proved to 58.82% for the blend containing 50% of PPG.
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Figure 56.36 presents the effects of two modifying agent on the modulus of
elasticity of f-PHB. It can be seen that the modifying agents have a similar effect on the
modulus of elasticity of f-PHB. Both f-PHB1/PPG and f-PHB2/ESO blends exhibit a
continuously decrease of the modulus of elasticity when the content of the modifying
agent is increased. The decreasing rate of the modulus of elasticity of f-PHB1/PPG

blends is higher than that of f-PHB2/ESO blends. The modulus of elasticity of f-

PHB2/ESO blend is higher than t t\ '» PPG blends at every content of the
modifying agent. This result s M"s of the modifying agent, the f-

PG blends.
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Figure 5.36 Effects of the modifying agents on the modulus of elasticity of f-PHB
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5.2.4 Effects of PHB source on the mechanical properties of PHB/ESO blends

Figure 5.37 presents the effects of the PHB sources, Biomer and f-PHB2, on the
maximum tensile strength of the PHB/ESO blends. At every blend composition, the
maximum tensile strength of f-PHB2/ESO blends is higher than that of Biomer/ESO
blends. This means that the f-PHB2/ESO blends tend to sustain more loads than the
Biomer/ESO blends.

Effect of . ‘ ’ aM strength of PHB/ESO

, ////A\\\\\
N7/ NN
/727 %W\
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= ©= Biomer/ESO

—&— f-PHB2/ESO

Maximum Tensile Strength (MPa)

TRUEINERTREIRD
o) e XRERTTRLTT

q 0 10 20 30 40 50 60

Epoxidized soybean Oil content (%)

Figqre 9.37 Effect of PHB sources on the maximum tensile strength of the

PHB/ESO blends
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Figure 5.38 presents the effects of the PHB sources on the %elongatlon at break
of the PHB/ESO blends. The %elongation at break of both blends is changed in the
same manner. The %elongation at break of both blends containing 0% and 10% of ESO
varies in a narrow range. The %elongation at break of both blends increases linearly for

the blend containing 10%-30% of ESO and reaches the maximum values for the blend

containing 30% of ESO. At higher ESO composition (40%-50%), the %elongation at

of PHB/ESO blends

14
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= A Blomer/ESO

%Elongation at Break (%)

il —~ n o/
Tﬁk’l‘ﬂﬁﬂ‘im AR13INYNae

0 10 20 30 40 50 60
Epoxidized soybean Oil content (%)

Figure 5.38 Effects of PHB sources on the %elongation at break of the PHB/ESO blends
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Figure 5.39 presents the effects of PHB sources on the modulus of elasticity of
the PHB/ESO blends. At all blend comgositions. the modulus of elasticity of the f-
PHB2/ESO blends is higher than that of Biomer/ESO blends. This result shows that the f-
PHB2/ESO blends have more rigidity than the Biomer/ESO blends.

: A
Effect of PHB source on # Wlasﬁcity of PHB/ESO
. | "*,.\.‘*\- é _

1.8 + / | a
18 $ras %'/////‘\\\\\\\:
R 7/ N\
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7 AERTERHAIRATN A E

Figure 5.39 Effects of PHB sources on the %elongation at break of the PHB/ESO blend
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Considering the graph of the maximum tensile strength, the %elongation at
break and the rr{edulus of elasticity of Biomer/ESO and f-PHB2/ESO blends in Figdre
5.37 to 5.39, if the results of the mechanical properties of Biomer/ESO blends is shifted
up to overlap with those of f-PHB2/ESO blends, it can be seen that the changes in the
tensile properties of both Biomer and f-PHB2 with the composition of ESO are very

similar. This implies that ESO has a similar effect on the tensile properties of two sources

slightly higher than those_of pure Biomes T buted to the difference in the

characteristics and the p( 3.

AULINENTNYINT
RIAINTUNRINYAY




105

5.2.5 Effects of PHB sources on the mechanical properties of PHB/PPG blends

Considering the mechanical properties of pure Biomer and pure f-PHB1 in the
Figure 5.40, 5.41 and 5.42, It can be noticed that the mechanical properties are very
similar. The thermal properties, i.e., glass transition temperature, melting temperature
and d_egree of crystallinity, of Biomer and f-PHB1 shown in Section 5.1.2 are also very

similar. The similarity in the mechanical ies of pure Biomer and pure f-PHB1 can

.|

be supported by the similarity in of Biomer and f-PHB1.

Figure 5.40 presenis_the~effects’ of PHE rces on the maximum tensile
strength of the PHB/PPG ble ~_BOIf blends exhibit a decrease in the maximum tensile
strength when the conteqis@ | noticed that the trend of the

changes in maximum tensi
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Figure 5.40 Effect of PHB sources on the maximum tensile strength of PHB/PPG blends
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Figure 5.40 prese'nts the effects of PHB sources on the %elongation at break of
the PHB/PPG blends. It is observed that at the range of 10% t040% of PPG composition,
the %elongation at break of f-PHB1/PPG blends is slightly higher than that.of the
Biomer/PPG blends. A significant difference in the %elongation at break is observed in
the blend containing 50% of PPG. For the blend with 50% of PPG, the %elongation at
break of f-PHB/PPG increases up to 58.82% while that of Biomer/PPG blend does not
.change. On the other words, 50% of P uch stronger effect on improvement of

@o Id be due to a difference in the

%elongatlon at break of f—PHBHan

PHB sources or charactewB ﬂ-iB @m process and morphology of
Biomer/PPG and f-PHB1/BilG"Br"r Nei veWr weight of PHB is one of
" ropensg\ olecular weight of f-PHB1

the important characteri
}hThIS is consistent with the

and Biomer is about 8

work of Bibers et al. : '_ : 989 sfudieqéthe effect of degradable
plasticizers, i.e. dioctyl sgba ‘ b afé\\(DBS) polyethylene glycol
(PEG), Laprol 503 (L503) : e mechanical properties of PHB
which has the average mole ff ! 1,900,000 g/mol. They found that, at
0%-10%, the % elongation at break-eﬁéé P icizer blends was not much different

Tl 2
from that of pure PH% At:20% of eé'ch iblé er, th gation at break of the

blends starts to mcre?'\ T thatof pure CAtt osition, L503 seems to have
strongest effect on the ﬁlongatioa_ajt" g to E}JS, DBS, PEG and L5003.
At 30% of each plasttc%er the %elongatlon at break of the blends continuously

increases from ﬁatﬂtﬁj b(}oVT ﬂz% dﬁanﬁé}«ﬂ g%r composition than

30% of plasticizet] the %elongation at break of the blends reaches the max:mum value.

.} WS (1D e

PHB1/PPG blends reported in this work is similar to that of PHB/plasticizer blends
reported by Bibers et al. [1999] but the content of the plastiéizers that can significantly
improve the %elongation at break of PHB is different to the content of PPG that

effectively improves the %elongation at break of f-PHB1.
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Effect of polymer on %elongation at break of PHB/PPG system
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F|gure 5.41 Effect of PHB.saurces on the %é€lonhgation at break of PHB/PPG blends
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Figure 5%2 presents the effects of PHB sources on the modulus of elasticity of

o AR 50 e o i

manner With an increasing in PPG content. The modulus of elasticity of both blends is

not much different.
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From Figure 5.15 and 5.27, the area under extension-load curve of the
Biomer/PPG and f-PHB1/PPG blends is considered. It is shown that the area under the
extension-load curve of f-PHB1/PPG blends is higher than that of the Biomer/PPG
blends at ever blend composition. It can imply that the f-PHB1/PPG blends are tougher
than the Biomer/PPG blends. The rigidity of both blends which can be implied by the

modulus of elasticity is not different.
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Figure 5.42 Effect of PHB sources on the modulus of elasticity of PHB/PPG blends
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From the results of the biodegradable modifying agents such as Polypropylene
glycol, propylene glycol and epoxidized soybean oil on the mechanical properties of two
samples of PHB; Biomer (which is purchased from Biomer Company) and f-PHB (self-
fermented and purified in this work), it can be summarized that in all blends the
maximum tensile strength and modulus of elasticity gradually decreases when the
content of the modifying agent is increased. For the same type of PHB, each modifying

agent has a different effect on the %e at break of the blends. The %elongation

at break of the each Biomer/m aches the maximum value at the

different conteht of the m ifying agent, the %elongation

ed but not exceed than 9%. This

R

at break of the Biomer/modifyii

indicates that the PHB is_ch@nged fr 2 ha \ d brittle'material to be softer and more
ductile. The %elongatio > ' _ nost impre \\‘» B1/50%PPG blend up to
58.82%. This maybe due 6 many réasons su "‘\ good dispersion of PPG with f-

PHB1 and the fundamental B \\- from different synthesis

b7
] Y ﬂ'«,i“

[
"

methods.

e 5 h
| = - D
R
Ll (D
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5.3 Morphology study

In this section, the morphology of the Biomer/PPG and f-PHB1/PPG blends,
containing 0%, 30% and 50% of PPG, after tensile testing is considered. The discussion

is divided as follows:

5.3.1 Morphology of pure Biomer and p \
The morphology of the.

fw |
D@r and pure f-PHB1 by SEM is
S —

presented in Figure 5.43 . Itis.shown that the surface of pure
Biomer and pure f-PHB1 |

of f-PHB1. The rough

slightly rougher than that
of Biomer which was
undissolved in the Biomer

The morphology ©f t jomer is presented in Figure
5.44 (a) and (b) and that of pulfe f-RHB1. 5 Présente Jiin Figure 5.45 (a) and (b). It is
shown that the fracture surface 7 1 pure f-PHB1 is similar. From the

surface and fracture surface me -1,-_:.:_;.;.: een that the specimens of pure

Biomer and pure f-P T—“““_M_'“'“““ﬁ'—ﬁ:\.i ented.

e

)y -
ﬂuaawawswa’ﬂi
ammmmumw YINY
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Figure 5.43 Morphology of the (a) pure Biomer and (b) pure f-PHB
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(b)
Figure 5.44 Fracture surface of pure Biomer at two magpnification (a) x500 and (b) X2000
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(b)
Figure 5.45 Fracture surface of pure f-PHB1 at two magnification (a) X500 and (b) X2000



114

5.3.2 Morphology of Biomer/30%PPG and f-PHB1/30%PPG blends

The morphology of the surface of Biomer/30%PPG and f-PHB1/30%PPG blends
after tensile testing is presented in Figure 5.46. It is shown that there is a difference in
the surface texture of both blends. The small hole-like morphology with a uniform

distribution over the whole surface is observed at the surface of the Biomer/30%PPG

1, Lim. In the f-PHB1/30%PPG blend, the
/ :han those presented in the
Biomer/30%PPG blend. Th(ﬁsen@ in 1/30%PPG blend are bigger

blend: m of the holes presented in
"‘kddxt\cracklng lines which are

-PHB1/30%PPG blend.

blend. The diameter of the hole is less tt

hole-like morphology is also

than those presented in

the -PHB1/30%PPG ble

placed in vertical directi

These lines may be due t on-ei-th imen of the f-PHB1/30%PPG blend.
¥\

The morphology of e " of the Biomer/30%PPG blend is
presented in Figure 5.47. It is m_ﬂ or istinct different morphologies
which are sponge-like morphology éﬁd:ﬁom ¢ lid morphology. High magnification
(x2000) of different moghologies is p”ré'senfed . H ﬁ) and (b). The sponge-
like morphology, m,;,-.,;__.;_:.;.:.;._:.:.:.”_ -------------- surface in Figure 5.47,

is shown in Figure 5. 48 (a (:} Itisn s-like ﬂ})rphology is consisted of

flat-shaped holes with the qlameter of 3-4 lm. The completely solid morphology which

seen in the |owﬂ>%&1 tﬂfwﬁ%ﬁ rfw;ﬁ Qﬁ éﬁawn in Figure 5.48

(b). The completely solid morphology is sumrlar to the morphology of the fracture surface

°“’“’e%1"‘ﬁ°"feﬁ\‘fﬁ”‘ﬁﬂ UAIINYIAY

The morphology of the fracture surface of the f-PHB1/30%PPG blend is
presented in Figure 5.49. It is shown that the morphology of the fracture surface of f-
PHB1/30%PPG is also consisted of sponge-like morphology and completely solid
morphology. The high magnification of sponge-like morphology and completely solid
morphology is presented in Figure 5.50 (a) and .(b), respectively. A short fibril-like

structure in the éponge-like morphology can be noticed. This is in agreement with the



115

results on higher %elongation at break of f-PHB1/30%PPG blend than that of
Biomer/30%PPG blend (see Figure 5.41)-”

Figure 5.46 Morphology of the surface of the (a) Biomer/30%PPG blend and
(b) -PHB1/30%PPG blend



#

Figure .47 Fracture surface of Biomer/30%1l3"PG blend
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(b)

Figure 5.48 Morphology of the (a) sponge-like morphology and (b) completely solid
morphology in the Biomer/30%PPG blend at high magnification (x2000) ‘
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(b)
Figure 5.50 Morphology of (a) the spong-like morphology and (b) completely solid
morphology in the f-PHB1/30%PPG at high magnification (x2000)
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5.3.3 Morphology of the Biomer/50%PPG and f-PHB1/50%PPG blends

The morphology of the surface of the Biomer/50%PPG and f-PHB1/50%PPG
blends after tensile testing is presented in Figure 5.51. It is shown that Biomer/50%PPG
blend exhibits hole-like morphology on the surface of the blend. Different sizes of the
holes are observed in the Biomer/50%PPG blend; large hole with the diameter of about
4-5 llm, and small hole with the d'm' f @bout 1 Llm. This hole-like morphology is
similar to that of Biomer/30% le size of the Biomer/50%PPG is
bigger than fhat of Biomerlwh. thuée o1 ts the difference of the surface

morphology at the édg ile testing and by specimen

cutting. It is shown th TOoRt, r?axr; caused by elongation of
the specimen are o cking 1 canno observed at the edge
.t \

occurred by specimen cu

The morphology of

,J"“

i %
different to that of Biomer/5 APP_G‘:&_’Sle- ure 551 (a)). Although the hole-like
morphology is also observed on w ce@ -PHB1/50%PPG blend, but the hole

FE

size of the f-PHB1/50%PPG bléﬁd” fg abbu ﬂlcg—«s bigger than those of
Biomer/50%PPG blﬁ‘ d. The amount of holes formec = ithe surface of the f-
PHB1/50%PPG is less ﬁn ace of ﬂomer/50%PPG blend. A Iot

of cracking lines which cs? be caused by elongatlon of the specimen are observed on

the whole suﬂ:ﬁfglefg)wg.‘l V]MTWCETPH ﬂaﬁ These cracks lie

perpendicularly ¢ the direction of the tension load. Flgure 5.53 presents the cracks on

AT

imply the dUCtlllty of the f-PHB1/50%PPG blend.

The morphology of the fracture surface of the Biomer/50%PPG and f-
 PHB1/50%PPG blend is presented at two magnifications, low magnification (x500)
presented in Figure 5.54 and high magnification (x2000) presented in Figure 5.55. It is

shown that both blends have a sponge-like morphology over the whole cross .sectional
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area of the specimens. There are no differences in the morphology of the fracture
surface of both blends. The sponge-like morphology at the fracture surface of bE:th
Biomer/50%PPG and f-PHB1/50%PPG blend is different to that of the Biomer/30%PPG
and f-PHB1/30%PPG blend because the sponge-like morphology is occurred over the
whole cross sectional area of the Biomer/50%PPG and f-PHB1/50%PPG blend, while
this morphology is partially observed on the fracture surface of Biomer/30%PPG and f-

PHB1/30%PPG blend.

\‘i\\\ V///
o !
The morphology of ﬁhnérlep @ﬁous content of PPG can be

summarized as follo Whibits a complete solid
morphology over the W% Wi of PPG is added to pure
Biomer, the morpholo ]

ste so a material having many

holes on the surface like

o
A sk

area of the Biomer/50%PPG blend:

- ] -
.

The morphology-ei-the-i-PHB
summarized as follows?-r pure f-PHB1, f-F
presented. The f-PHB1/30%PPG blend exhibits the holes on the surface and on some

parts of the fﬂyfiﬁ'«ﬂ Eczw ﬁgw ﬁerrﬂnﬁne surface of the f-

PHB1/30%PPG q oles are more and bigger on the surface of the f-
PHB1/50% b ' acks e t 150%P I are larger

than those observed on the surface of f-PHB1/30%PPG blend.

fete solid without any holes
|

The difference in the ductility of Biomer/PPG and f-PHB/PPG blend may be
described by the morphology. Considering the value of %elongation at break and the
surface morphology of the Biomer/30%PPG and -PHB1/30%PPG blend, the
Biomer/30%PPG blend has no cracks on the surface, while the f-PHB1/30%PPG blends
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has many cracks. This indicates that the fracture is suddenly occurred in the
Biomer/30%PPG blend but in the f-PHB1/30%PPG, the tet;sile load is distributed over
the entire specimen and the elongation which causes the cracks on the surface is
occurred. Considering Biomer/50%PPG and f-PHB1/50%PPG blend, the cracks are only
observed at the fracture edge of the Biomer/50%PPG blend, while the cracks are

observed over the entire surface of f-PHB1/50%PPG blend. This can imply that f-

blend. The differences in the fracture mechanismsobserved in SEM photographs of
Biomer/50%PPG and f-PHB 1/50%PPG ble séjiﬁerence in the %elongation
at break reported in secti better. uniform dispersion of

PPG with the f-PHB1 th

)
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2

(b)
Figure 5.51 Morphology of the surface of the (a) Biomer/50%PPG blend and
(b) -PHB1/50%PPG blend
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(b)
Figure 5.52 Surface morphology at the edge of the specimen of Biomer/50%PPG

occurred (a) by tensile fracture and (b) by specimen cutting.
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(b) ‘
Figure 5.53 The cracks on the surface of the f-PHB1/50%PPG blend at two

magnifications (a) x2000 and (b) x7500
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(b) |
Figure 5.54 Fracture surface of the (a) Biomer/50%PPG blend and
(b) f-PHB1/50%PPG blend at low magnification _(x500) '
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(b)
Figure 5.55 Fracture surface of the (a) Biomer/50%PPG blend and
(b) f-PHB1/50%PPG blend at high magnification {x2000)
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