
C H A P T E R  IV

IS O T R O P IC A L L Y  S M A L L  C R Y S T A L L IN E  L A M E L L A E  IN D U C E D  B Y  

H IG H  B IA X IA L -S T R E T C H IN G  R A T E  AS  A  K E Y  M IC R O S T R U C T U R E  

F O R  S U P E R -T O U G H  P O L Y L A C T ID E  F IL M

4.1 A b s tra c t

A t present, po ly lactide  (P L A ) f ilm  w ith  h igh toughness is on expectation, 

but in general, it is b rittle  w ith  45 M Pa tensile strength and o n ly  3%  elongation at 

break. The present w o rk  c la rifies  that iso trop ica lly  sm all c rys ta llin e  lam ellae is the 

key m icrostructure  to obtain super-tough P L A  (180 M Pa tensile strength and 80% 

elongation at break). The systematic study on tw o  parameters o f  b iax ia l-s tre tch ing  

technique, /.e. , stretching rate and draw  ratio, a llow s US understanding the 

developm ent o f  m icrostructure, especially the crysta lline  phase, the regular chain 

packing in  the crystal la ttice, and the evo lu tion  o f  the h igher-order structure. The 

integrated structural analyses based on Fourier transform  in frared spectroscopy 

(F T IR ), 2 D -w ide  angle X -ray  d iffra c tio n  (2 D -W A X D ) and 2D -sm a ll angle X -ra y  

scattering (2 D -S A X S ) declare that the s truc tu ra lly -irregu la r am orphous P L A  starts to 

develop the mesophase and (5-crystal (inc lud in g  or-crysta l) w ith  the c rys ta llite  size o f  

several tens o f  nanometers by slow  b iaxia l-s tre tch ing  (3 m m /s). A t th is stage, the 

b ia x ia lly  oriented P L A  (B O P L A ) s till shows re la tive ly  poor m echanical properties. 

W hen the stretching rate and the draw  ratio  increased above a certain level, i.e.. 75 

mm/s and 5x5, respectively, the small ^ -c rys ta llite s  o f  about 10 nm size w ith  

isotropic orien ta tion  are m a in ly  form ed. This structural e vo lu tio n  has been found to 

result in the drastic increase o f  the toughness o f  B O P L A  f ilm , w h ich  is about 4 times 

higher than the P L A  f ilm  produced by conventional stretching. In th is w ay, the 

present w o rk  shows fo r the firs t tim e that the sim ple w ay to toughen the P L A  f ilm  is 

to induce a w ell-d ispersed higher-order structure consisting o f  m any but sm all ร -  
crysta llites as seen in the m odel case o f  B O P LA .

K e y w o rd s : po ly lactide , b iax ia l-s tre tch ing, m icrostructure
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4.2 In tro d u c t io n

P L A  is accepted as the most potentia l b iodegradable p lastic fo r 

environm ental concerns due to its reliable industria l-sca le  production . As P L A  is a 

polyester, it can be processed variously  as sheets, film s , bottles, fibers and textiles. 

The m ain lim ita tio n  o f  P L A  is about its brittleness w h ich  m a in ly  comes from  the 

slow  crysta lliza tion , especially when conta in ing the isom er m ix tu re  [1 -3 ]. In fact, 

when P L A  is processed by various methods such as b low n  f i lm  extrusion, etc., the 

brittleness along the machine d irection (M D ) is s ign ifican t. To overcom e this point, 

several approaches to optim ize  the crysta lline  and am orphous phases, such as adding 

nucleating agents or plasticizers, co n tro llin g  processing cond itions, etc., were 

variously  reported [4-11].

B iax ia l-s tre tch ing  (B O ) is a processing technique w h ich  the po lym er film s  

can be oriented and as a consequence, the changes o f  m icrostructu re  g ive the drastic 

change in m echanical properties as w e ll as other perform ances such as high-gloss, 

transparency, excellent gas barrier, etc [12-15], These characteristics b ring  in the 

possible m odern packaging fo r specific purposes, e.g., cable insu la tion , m e ta lliz in g  

lam ination, industria l tapes, etc [13, 16], In other w ords, we can expect the 

physicochem ical properties im provem ents o f  po lym ers by s im p ly  changing the ir 

m icrostructures under the contro lled BO  process parameters, /.e. , stretching rate, 

draw  ratio, tem perature, and stretching mode (sim ultaneous or sequential).

The good example o f  the change in m icrostructure  leading to the change in 

mechanical properties can be referred to the cases o f  b ia x ia lly  oriented polyethylene 

(B O P E) [17, 18] and polypropylene (BOPP) [13. 14. 19-22], For instance, B obovitch  

et al. [17] studied b ia x ia lly  oriented linear lo w  density po lye thylene (B O L L D P E ) 

w h ich  was prepared by double bubble technique. T h is  B O L L D P E  showed the 

increased tensile strength but decreased tear resistance in  M D  w hen the M D  draw 

ratio or c-axis orien ta tion  was increased. Lüpke et al. [19 ] reported the sequential 

BOPP w ith  fixed  M D  draw  ratio (L md =  5) and varied transverse draw  ratio  (L t d ). 

They found that the lo w  Ltd (L td <  2 ) in itia ted  the so-called shish kebab structure. 

This m icrostructure induced the increm ent o f  tensile strength and elongation at break 

by 3 and 2 tim es, respectively, when compared w ith  the conventiona l pp  f ilm . In
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contrast, they found that the h igh À.TD (À.TD > 5) provided the f ib r i l la r  ne tw ork  and at 

that tim e the stiffness in  T D  was s ign ifican tly  increased.

In the case o f  B O P L A , fo r example, Auras and cow orkers [23 ] reported the 

low ering  o f  C O 2 and O 2 perm eability  o f  B O P L A  as com pared to b iax ia lly -o rien ted  

polystyrene and polyethylene terephthalate. These B O P L A  film s  also showed 

re la tive ly  lo w  w ater perm eability  coe ffic ien t w ith  increasing o f  tem perature w h ich  

has potentia l in  m u ltila ye r structures as claim ed in m any patents [24 -28 ], U p to the 

present, B O P L A  is com m erc ia lly  available fo r food and non-food  app lica tions w ith  

various trade names such as N A T ] V IA ™ , Ecodear® B io-Based film s , BioPak®, etc.

It comes to the question that is how  the BO  process influences on the PL A  

m icrostructures. Ou and Cakm ak [29] compared the m icrostructures o f  B O P L A  

film s , produced via  a stretching rate o f  3 m m /s and draw  ratios o f  2 x2  to 4x4  (À.MD x 

X t d )  at 70 °c under varied stretching modes. The analyses by W A X D  images and 

pole figures led to an understanding o f  the m icrostructure in  term s o f  ( i)  in-plane 

isotropy o f  (200/110) d iffrac tions  w ith  the degree o f  c ry s ta llin ity  (Xc) 15% and ( ii)  

in-plane anisotropy w ith  Xc 20%  fo r sim ultaneous and sequential B O P L A , 

respectively. A d d itio n a lly , they also extended the study to the annealed B O P L A  

film s. Th is  investiga tion  presented the in-plane iso tropy o f  (100) planes paralle l to 

the surface fo r annealed sim ultaneous B O P L A  whereas the unip lanar axial 

( 10 0 )[0 0 1 ] texture w ith  m a in ly  oriented in  T D  was found fo r annealed equally- 

sequential B O P L A  [30]. Sm ith et al. [31] c la rifie d  that the decreased shrinkage o f  

4 x 4 -B O P L A  film  was caused by low  D -isom er content and the stra in-induced 

crysta lline ne tw ork  w ith  anisotrop ic orientation, but independent on am orphous 

phase re laxation. Tsai and cow orkers [32] reported that once the 3 x 3 -B O P L A  was 

stretched at 75 °c w ith  the rate o f  25 mm /s, the structure o f  the f i lm  became stable 

enough to reduce the shrinkage by 2 0 % above the cold c rys ta lliza tio n  temperature. 

Delpouve et al. [33] c la rified  that the B O P L A  form ed the homogeneous orientation 

o f  the crysta llites in the f i lm  plane (or ortho trop ic  structure), a llo w in g  the decrease o f  

water perm eab ility  by 40%.

As m entioned above, most studies on B O P L A  are about a p a rticu la r specific 

stretching cond ition  and the properties obtained. The study o f  B O P L A  under the 

systematic va ria tion  o f  the processing parameters, especia lly the stre tch ing rate and
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the draw ratio , to c la rify  the steps o f  the change in m icrostructu re  has not yet been 

reported. In  fact, we carried out a p re lim inary  experim ent by va ry in g  the stretching 

rate and draw  ratio  o f  B O P L A  at 90 °c in order to observe the ir mechanical 

properties. We found that when the stretching rate was as h igh  as 75 m m /s w ith  5x5 

draw ratio, it  is fo r the firs t tim e that the B O P L A  film  reached a h igh  toughness w ith

4 -fo ld  increase o f  tensile strength and 10-fold extension o f  e longation at break as 

compared w ith  those o f  the conventional P L A  b low n film s  and the B O P L A  obtained 

from  the low er stretching rates (Figure 4.1). Th is suggests the specific  m icrostructure 

o f  P LA  developed as a consequence o f  the h igh b iax ia l-s tre tch ing  rate and the high 

draw  ratio.

The present w o rk , therefore, focuses fo r the firs t tim e  on the c la rific a tio n  for 

how  the P L A  m icrostructures are developed by BO  process under the systematic 

varia tion o f  processing conditions. The w ork  also shows the integrated in fo rm ation  

o f  m icrostructura l analyses by F U R  spectra, therm al analysis, and X -ra y  structural 

analyses (2 D -W A X D , and 2 D -S A X S ) and establishes the re la tionsh ip  between the 

m icrostructure and mechanical properties. In  other w ords, an understanding o f  P L A  

m icrostructure and its consequent mechanical properties enable us to obtain an as- 

desired P L A  mechanical properties by s im p ly  co n tro llin g  the processing conditions.

4.3 E x p e rim e n ta l

4.3.1 B O P L A  F ilm s Preparation

P L A  resin ( In g e o ™  grade 4043D ) w ith  the L -la c tid e  content o f  94%  

was from  N atureW orks L L C , U SA. The w eight-average and num ber-average 

m olecular w eights were 166 kDa and 116 kD a, respective ly, w ith  po lyd ispers ity  

index o f  1.43 as determ ined by gel perm eation chrom atography. The resin was 

processed by a Labtech Engineering c h ill ro ll casting f ilm  extruder in the 

temperature range o f  155 - 175 °c to form  P LA  precursor sheet and it was used for 

BO  process in the next step. The P LA  precursor sheet obtained was cut into 

specimens (96x96x0.5  m m 3) and preheated at 90 °c fo r 30 ร before sim ultaneous 

b iax ia l-s tre tch ing  at the stretching rate o f  3, 16, 37 and 75 m m /s or the strain rate o f  

4, 22, 50 and 100% ร '1, respectively, by using a B riickn e r K A R O  IV  laboratory
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biaxia l stretcher. The draw ratios were 3x3 and 5x5 to obta in  a series o f  B O P L A  

film s . A l l  the B O P L A  film s  were quenched to room  tem perature (25 °C).

4.3.2 C haracterization

Y o u n g ’ s m odulus, tensile strength and e longation at break o f  the film s  

( 1 x 1 0  cm 2) were measured by a L lo yd  L R X  tensile testing m achine w ith  a cross 

head speed o f  50 m m /m in  and a tensile load o f  0.5 kN  at 25 ๐c  according to A S T M  

D-638. The analysis along M D  was repeated 10 tim es fo r each sample at the center 

area.

The A T R  (attenuated total re flection) in frared spectra were obtained 

by using a Therm o S c ien tific  N ico le t 6700 Fourier transform  infrared (F T IR ) 

spectrometer w ith  a resolution o f  2  cm "1 and trip lica te  measurements at the center 

area in  d iffe ren t samples.

Therm al analysis was perform ed by using a N etzsch 200 F3 M aia 

d iffe ren tia l scanning calorim eter (DSC). The samples were heated fro m  30 °c to 200 

๐c  at a heating rate o f  5 ๐c /m in  under nitrogen gas at a f lo w  rate o f  50 m L /m in . The 

Xc was calculated by using Eq. 1 :

A'c =
(A//m,PLA- AZ/ç.pi.a ) X 100

A/y°m.PLA
(Eq. 1)

W'here Af/m.pLA and A /C .pla were the enthalpy changes o f  fusion at -1 5 0  °c and cold 

c rysta lliza tion  in the temperature range o f  70 - 120 °c, respective ly. The A L /V pla is 

93 J/g fo r 100% crysta lline  P L A  as reported by F ischer et al. [34 ], The tem perature 

dependence X -ray  d iffra c tio n  measurement was also carried out by using a R igaku 

T T R -III  X -ray  d iffractom ete r W'ith C u -K a  line as an inc iden t X -ra y  beam. The 

temperature range was 0 °c to 170 ๐c at a heating rate o f  2 ๐c /m in . A ssum ing that 

the crysta lline  lattice is free o f  defect, the c rysta llite  size < L >  was evaluated on the 

basis o f  Scherrer’ s equation (Eq. 2) [35].

K k
< L>

/ ? l / 2  C O S 0 (Eq. 2)
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where /3\a is the fu ll w id th  at h a lf m axim um , X is the w avelength o f  C u -K a  radiation 

(1.5418 Â ), and K  is the broadening constant o f  0.9 fo r the im perfect po lycrysta l 

[36],

The tw o-d im ensiona l w ide angle X -ray  d iffra c tio n  (2 D -W A X D ) and 

sm all angle X -ra y  scattering (2D -S A X S ) patterns o f  the stacked samples o f  0.5 - 1 

m m  thickness were taken by using a R igaku R-axis V I I  X -ra y  d iffra c to m e te r and a 

R igaku N ano-v iew er, respectively. M o -K a  line as an inc iden t X -ra y  beam and a fla t 

im aging plate detector w ith  1 1 0  m m  sam ple-to-cam era distance were used fo r the 

2 D -W A X D  pattern measurement. For the 2D -S A X S  pattern measurement, the Cu- 

K a  line and a D ectris Pilatus detector w ith  120 cm sam ple-to-cam era distance were 

applied. The scattering angle (29) was converted to scattering vecto r (q) defined as q 

= (47t/X )sin(0 ). The therm al investigations and the 2 D -W A X D  and 2 D -S A X S  

measurements were carried out along M D  at the center area o f  the P L A  precursor 

sheet and B O P L A  film s  in trip licate.

4.4 R esults and  D iscussion

4.4.1 M echanica l Properties o f  B O P L A  F ilm s

D uring  the BO  process, the change in apparent stress o f  P LA  

precursor sheet was traced. The sheet showed a stra in-hardening, w h ich  corresponds 

to the cohesiveness o f  the crysta lline  phase o f  P LA  induced by the B O  process. The 

B O P L A  by 5x5 draw  ratio  can be successfully obtained when the stretching 

temperature was h igher than 9 0  ° c .  This was also reported by Chapleau et al. [4 ],
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F ig u re  4.1 (A ) Stress vs strain curves and (B ) plots o f  m echanical properties as a 

function o f  b iax ia l-s tre tch ing  rate o f  PL A  and B O P L A  film s .

In  general, a com m ercia l P L A  b low n  f i lm  is r ig id  and b rittle  w ith  

Y o u n g ’ s m odulus ~2.2 GPa, tensile strength ~45 M Pa, and 3-5%  e longation at break 

(as presented in F igure 4.1). In  order to fo llo w  how  the B O  process changes the 

mechanical properties o f  P L A  film s , the stretching rate and the draw  ra tio  were 

varied. Figure 4.1 A  and F igure 4 . IB  show the stress-strain curves and the mechanical 

properties o f  B O P L A  film s , respectively, a fter the P L A  precursor sheet was 

b iax ia lly-stre tched at d iffe ren t stretching rates and draw  ratios. W hen the stretching 

rate was as h igh  as 75 m m /s, the stress-strain curve changes d ras tica lly  from  b rittle  

P L A  b low n  f i lm  (P L A ) to ductile  film s  (3x3 and 5x5, 75 m m /s). A s seen in Fig. IB , 

the tensile strength and elongation at break are increased rem arkably by increasing o f  

stretching rate and draw ratio. In particular, the tensile strength and the e longation at 

break o f  B O P L A  prepared by 5x5 draw  ratio at 75 m m /s stre tch ing rate are alm ost 4 

and 20 tim es higher than those o f  the P LA  b low n  film , respectively.

4.4.2 C rys ta lliza tion  and Crystal Phase o f  B O P L A  F ilm s

4.4 .2 .1 O bserving Crystalline Phase and M esophase
B asica lly, the m icrostructure regu la riza tion  o f  P L A  presents 

the a -  and / /- fo rm s  o f  crystals when P LA  was produced by general processes [37], 

The incom plete crysta l o f  (2 - fo rm , nam ely, ๙ -  o r (7-form  and mesophase
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(in term ediate phase to be developed to £>-and a r-fo rm s, subsequently) are also found 

when the stretching is applied at near glass trans ition  tem perature (To ~ 60 °C ) o f  

P L A  [38-42].

H erein, A T R -F T IR  technique was p re lim in a ry  applied to 

characterize the developed regulariza tion o f  B O P L A  m icrostructure . The im portant 

characteristic 1R peaks o f  the a -  and/or A-phase, am orphous phase, and mesophase 

o f  P L A  are iden tifie d  at 921, 958, and 1268 c m '1, respective ly, w h ich  are s im ila r to 

the reports by Stoclet et al. [40 ], Wasanasuk and Tashiro [42] and N a et al. [43J. Fig. 

2 shows the am orphous phase peak at 958 c m '1, w h ich  appears in all 3 x3 - and 5 X5- 

B O P L A  film s . The band at 921 cm "1 or the crysta lline  band is detected fo r the firs t 

tim e when the stretching rate was above 16 mm /s. Th is  suggests that the crysta lline  

phase o f  P L A  is induced obv ious ly  as a consequence o f  BO  process w ith  re la tive ly  

fast stretching.

F ig u re  4.2 A T R -F T IR  spectra o f  P L A  precursor sheet, and 3 x3 - and 5 x 5 -B O P L A  

film s  w ith  varied b iax ia l-s tre tch ing  rate.

In  order to quan tita tive ly  evaluate the increases o f  the 

crysta lline phase and mesophase when the processing cond itions were changed, the 

curve fitt in g  analyses o f  the peaks at 921 and 1268 cm ' 1 were carried out. The peak at 

1458 cm ' 1 (C H 3 de form ation ) was used as the in ternal standard so that it is possible
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to compare the IR  intensity o f  varied B O P L A  film s  even the ir thicknesses were 

d iffe rent. The in tensity ratios o f  I921/ I 1458 and I i 26« /Ii458 represent the re la tive contents 

o f  the a -  and/or <5-phase, and mesophase, respectively.

F ig u re  4.3 A T R -F T IR  peak in tensity ratios o f  crysta lline  phase and mesophase o f  

various B O P L A  film s  as a function  o f  b iax ia l-s tre tch ing  rate.

F igure 4.3 shows the dependence o f  the re la tive contents o f  

these phases on the stretching rate at 3x3 and 5x5 draw  ratios. In the case o f  3x3- 

B O P L A , the re la tive content o f  the a -  and/or (5-phase increases when the stretching 

rate was higher than 16 mm/s. The increase is m uch more s ig n ifica n t when the 75
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mm /s stretching rate was com bined w ith  5x5 draw  ratio. In other words, this 

cond ition  causes a s ign ifican t increase o f  a -  and/or <5-phase.

For the mesophase, its content increases by the lo w  stretching 

rate o f  3 m m /s, and then decreases by moderate stretching rates (16 and 37 m m /s). A  

small increase is detected at the h igh stretching rate (75 m m /s) fo r both 3 x3 - and 

5 x5 -B O P L A . The appearances o f  the mesophase and the a -  and/or (T-phase by high 

stretching rate im p ly  that the unoriented P L A  chains in  am orphous region rearrange 

themselves to the ordered structures.

4.4.2.2 WAXD Patterns and C rystallite Size o f  BOPLA Films

75 

60 

45 

1 30 

15

10 15 20 25
2 t h e t a / d e g r e e

Figure 4.4 (A ) W A X D  patterns at room  tem perature (25 ๐C) and (B ) c rys ta llite  size 

< L > 2 0 0 / I I 0  o f  3 x 3-, and 5 x5 -B O P L A .

In order to c la r ify  the details o f  the chains regu lariza tion  

obtained from  the BO  process under the varied stretching rates and draw  ratios, the 

temperature dependence X -ra y  d iffra c tio n  (W A X D ) measurement was perform ed. 

F igure 4 .4 A  shows the W A X D  patterns obtained at room  tem perature (25 °C ) fo r the 

P L A  precursor sheet and the B O P L A  film s  w ith  d iffe re n t stre tch ing rates and draw  

ratios. The P L A  precursor sheet shows a broad d iffra c tio n  pattern as assigned to



57

amorphous phase, s im ila r to that o f  the P L A  b low n  f ilm . W hen the stretching rate 

was 16 m m /s, the broad amorphous phase w ith  a sharp ( 2 0 0 / 1 1 0 ) peak o f  crysta lline  

phase at 16.3° 26  is observed. W hen the draw  ratio  was increased to 5x5. the 

amorphous phase gradually decreases and the 16.3° 26  peak became s ign ifican t. 

W hen the stretching rate was as h igh as 75 m m /s, B O P L A  shows a single broad peak 

at 16.5° 26  assigned to the emphase and the am orphous phase is a lm ost neg lig ib le . It 

should be noted that i f  the f i lm  contains the perfect « -phase , the strong d iffra c tio n  

peaks at 12.4°, 14.7°, 19.1°, 22.1°, and 23.5° 26 , should be presented.

In th is way, the B O P L A , stretched at the h igh  stretching rate, 

induces a trans ition  to the ordered phase e ffe c tive ly  (F igure  4 .4 A ). It is im portant to 

note that the crysta lline  peak is much broader, com pared to the case o f  the low er 

stretching rate (16 m m /s). The crysta llite  size (< L > ) was estim ated from  the h a lf 

w id th  o f  the re fe c tio n  peak by using the Scherrer's equation. F igure 4.4B  shows the 

thus-estim ated c rys ta llite  size obtained along ( 2 0 0 / 1 1 0 )  d iffra c tio n  ( < L > 2o o,iio) as a 

function  o f  b iax ia l-s tre tch ing  rate. In the case o f  3 x 3 -B O P L A , the 3 m m /s stretching 

rate gives the re la tive ly  large crysta llite  size < L > 200,110 o f  about 60 nm (F igure  4.4B). 

Whereas the stretching rate was increased to 16, 37, and 75 m m /s, it e ffe c tive ly  

brings the decrease o f  < L > 2oo.noto 30, 16, and 15 nm, respective ly. The 5x5 draw 

ratio shows the s im ila r behavior. This con firm s that the fast stre tch ing leads to the 

grow th  o f  the re la tive ly  sm all (5-crystallites.

4.4.2.3 H igher-order Structure Change in BOPLA Films
To investigate the h igher-order structure change caused by the 

BO process, the 2 D -W A X D  and 2D -S A X S  analyses were perform ed. F igure 4.5 and 

Figure 4.6 show the 2 D -S A X S  and 2 D -W A X D  patterns o f  the P L A  precursor sheet 

and B O P L A  film s  produced by the draw  ratios o f  3x3, and 5x5 , respectively.
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PLA precursor sheet 3x3, 3 mm/s 3x3, 16 mm/s 3x3, 75 mm/s(A) (B) (C) <D)mo - - ' S i - :IVอ 4P ฃ฿:---- » TD

(a) (b) (c) (2 0 0/1 1 0 ) <d)(200/110)/  \ /  \ / t
MD [ ) l  ) ( )A
---- > TD ( 2 0 3 )

Figure 4.5 2 D - S A X S  ( u p p e r )  a n d  2 D - W A X D  ( b o t t o m )  p a t t e r n s  o f  P I . A  p r e c u r s o r  

s h e e t  a n d  3 x 3 - B O P L A  f i l m s  o b t a i n e d  f r o m  b i a x i a l - s t r e t c h i n g  r a t e s  o f  3 ,  1 6 ,  a n d  7 5  

m m / s ,  r e s p e c t i v e l y .

In  t h e  c a s e  o f  F i g u r e  4 . 5  A ,  t h e  p r o f i l e  o b s e r v e d  i s  c o n f i r m e d  t o  

b e  t h e  p a t t e r n  o b t a i n e d  f r o m  t h e  b e a m  s t o p p e r .  T h i s  m e a n s  t h a t  t h e r e  i s  n o  a n y  

s c a t t e r i n g  p a t t e r n  o b s e r v e d  f r o m  P L A  p r e c u r s o r  s h e e t .  A t  t h e  s a m e  t i m e ,  t h e  W A X D  

p a t t e r n  o f  t h i s  P L A  p r e c u r s o r  s h e e t  a l s o  s h o w s  t h e  a m o r p h o u s  h a l o  in  F i g u r e  4 . 5 a ,  a s  

s i m i l a r  t o  t h e  s t u d y  o f  D e l p o u v e  et al. [ 4 4 ] ,  In  f a c t ,  o u r  P L A  p r e c u r s o r  s h e e t  s h o w s  

t h e  I R  p e a k  a t  1 2 6 8  c m ' 1 ( F i g u r e  4 . 2 )  w h e r e a s  S t o c l e t  et al. r e p o r t e d  t h e  W A X D  

p a t t e r n  a t  1 6 °  i m p l y i n g  t h e  m e s o p h a s e  o f  P L A  [ 4 5 ] ,  F le r e ,  w h e n  F i g u r e  4 . 5 a  w a s  

i n t e g r a t e d  t o  i n t e n s i t y  p r o f i l e ,  t h e  s i m i l a r  b r o a d  p e a k  a t 1 6 °  r e f e r r e d  t o  t h e  m e s o p h a s e  

w a s  a l s o  o b s e r v e d  ( S u p p o r t i n g  i n f o r m a t i o n  S I ) .  T h e  B O  p r o c e s s  c a u s e s  a  c e r t a in  

d e g r e e  o f  o r i e n t a t i o n  ( F i g u r e  4 . 5 B - D ) .  In  t h e  c a s e  o f  3 x 3 - B O P L A  o b t a i n e d  a t  3 m m / s  

s t r e t c h i n g  r a te  ( F i g u r e  4 . 5 B ) ,  t h e  2 D - S A X S  p a t t e r n  s h o w s  a n  a r c a d e  p a t t e r n ,  

i n d i c a t i n g  t h a t  t h e  s t a c k e d  l a m e l l a e  w e r e  o r i e n t e d  m o r e  o r  l e s s  a l o n g  M D  b u t  t h e  

d e g r e e  o f  o r i e n t a t i o n  W'as n o t  v e r y  h i g h .  T h i s  s t a c k e d  l a m e l l a r  o r i e n t a t i o n  i n c r e a s e s  

f o r  t h e  s a m p l e  a t  t h e  h i g h e r  s t r e t c h i n g  r a te  ( 1 6  m m / s )  a s  s e e n  f r o m  t h e  o b s e r v a t i o n  o f  

m e r i d i o n a l  s c a t t e r i n g  s p o t s  in  F ig u r e  4 . 5 C .  T h e  B O P L A  p r e p a r e d  a t  7 5  m m / s  ( F i g u r e  

4 . 5 D ,  d )  s h o w s  t h e  r e l a t i v e l y  h i g h  o r i e n t a t i o n  a l o n g  t h e  m e r i d i o n a l  d i r e c t i o n  in  b o t h
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2 D - W A X D  a n d  2 D - S A X S  p a t t e r n s .  It m u s t  b e  n o t e d  h e r e  t h a t  t h e  l a m e l l a e  w e r e  

o r i e n t e d  p r e f e r e n t i a l l y  a l o n g  M D ,  a l t h o u g h  t h e  s a m p l e  w a s  s t r e t c h e d  s i m u l t a n e o u s l y  

a l o n g  M D  a n d  T D  in  t h e  c a s e  o f  3 x 3  d r a w  r a t io .  T h i s  s u g g e s t s  t h a t  t h e  P L A  

p r e c u r s o r  s h e e t  w a s  o r i g i n a l l y  o r i e n t e d  p r e f e r e n t i a l l y  a l o n g  M D  d u r i n g  c a s t i n g  a s  

s e e n  f r o m  t h e  b r o a d  p e a k s  a t  8 5 °  a n d  2 6 0 °  w h e n  t h e  P L A  p r e c u r s o r  s h e e t  w a s  

a z i m u t h a l l y  s c a n n e d  ( S u p p o r t i n g  i n f o r m a t i o n  S 2 ) .  S u c h  r e l a t i v e l y  l o w  d r a w  r a t io  a s  

3 x 3  c a n n o t  e r a s e  t h i s  p r e f e r e n t ia l  o r i e n t a t i o n  w e l l  e n o u g h  t o  g i v e  t h e  i s o t r o p i c  

o r i e n t a t i o n  a t t a in e d  in  t h e  i d e a l  c a s e .

5x5, 3 mm/s 5x5,16 mm/s 5x5, 37 mm/s 5x5, 75 mm/s

Figure 4.6 2 D - S A X S  ( u p p e r )  a n d  2 D - W A X D  ( b o t t o m )  p a t t e r n s  o f  5 x 5 - B O P L A  

f i l m s  p r o d u c e d  u n d e r  v a r i o u s  s t r e t c h i n g  r a te s .

T h e  e f f e c t  o f  B O  p r o c e s s  c a n  b e  s e e n  m o r e  c l e a r l y  in  t h e  c a s e  

o f  5 x 5 - B O P L A  ( F i g u r e  4 . 6 ) .  T h e  l o w  s t r e t c h i n g  r a t e s  ( F i g u r e  4 . 6 A - B )  s t i l l  g i v e  t h e  

p r e f e r e n t ia l  o r i e n t a t i o n  o f  l a m e l l a e  a l o n g  M D .  T h e  2 D - W A X D  p a t t e r n  a l s o  g i v e s  t h e  

p r e f e r e n t i a l  M D  o r i e n t a t i o n  o f  c r y s t a l l i n e  l a t t i c e s ,  c o n s i s t e n t  w i t h  t h e  2 D - S A X S  d a t a .  

T h e  s t r e t c h i n g  r a t e s  o f  3 7 ,  a n d  7 5  m m / s  g i v e  t h e  2 D - S A X S  p a t t e r n  d i f f e r e n t  f r o m  t h e  

o t h e r s  ( F i g u r e  4 . 6 C - D ) .  T h e  s c a t t e r i n g  p e a k s  c a n  b e  d e t e c t e d  in  t h e  m e r i d i o n a l  a n d  

e q u a t o r ia l  d i r e c t i o n s .  T h e  s c a t t e r i n g  p a t t e r n  d e v e l o p e d  in  T D  i s  m o r e  i n t e n s e  b y  

i n c r e a s i n g  o f  s t r e t c h i n g  r a te  a s  e v i d e n c e d  f r o m  t h e  i n t e n s i t y  o f  s c a t t e r i n g  f o r  t h e  7 5  

m m / s  s t r e t c h i n g  r a te ,  h i g h e r  t h a n  t h a t  f o r  3 7  m m / s .  I t  s h o u l d  b e  n o t e d  t h a t  t h e
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l a m e l l a e ,  w h i c h  w e r e  o r i g i n a l l y  o r i e n t e d  p r e f e r e n t i a l l y  a l o n g  t h e  M D ,  a r e  n o w  

r e o r i e n t e d  t o w a r d  t h e  T D  a l s o  b y  a p p l y i n g  t h e  f a s t  s t r e t c h i n g  a n d  t h e  h i g h  d r a w  r a t io .  

C o r r e s p o n d i n g l y ,  a s  s e e n  in  t h e  2 D - W A X D  p a t t e r n  o f  F i g u r e  4 . 6 C - D ,  t h e  r in g  

p a t t e r n s  o f  ( 2 0 0 / 1 1 0 )  a n d  ( 2 0 3 )  r e f l e c t i o n s  a r e  d e t e c t e d  t o  s h o w  r e l a t i v e l y  

h o m o g e n e o u s  o r i e n t a t i o n  o f  t h e  c r y s t a l  l a t t i c e s .

C o n s i d e r i n g  t h e  d e g r e e  o f  o r i e n t a t i o n  ( / ) ,  it  s h o u l d  b e  n o t e d  

th a t  t h e  /  v a l u e  c a n  b e  s h i f t e d  w h e n  t h e  o r d e r e d  p a c k i n g  s t r u c t u r e  c h a n g e d ,  a n d  

c o n s e q u e n t i a l l y ,  i n f l u e n c e d  o n  B O P L A  p r o p e r t i e s  a s  d e m o n s t r a t e d  b y  T s u j i  et al. 
[ 4 6 ] .  H e r e ,  t h e / v a l u e s  w e r e  a l s o  c a l c u l a t e d  f r o m  a z i m u t h a l  a n g l e  (tp) s c a n .  F o r  / ' = 1  

a t 0 °  a n d  9 0 °  (<p), t h e y  w e r e  a s s i g n e d  t o  p o l y m e r  c h a i n s  a l i g n e d  p a r a l l e l  a n d  

p e r p e n d i c u l a r  t o  M D ,  r e s p e c t i v e l y .  W h e n  t h e  i s o t r o p i c  o r i e n t a t i o n  w a s  f o r m e d  a s  

o b s e r v e d  f r o m  5 x 5 - B O P L A  b y  h i g h  s t r e t c h i n g  r a te  ( F i g u r e  5 . 6 C - D ) ,  t h e / v a l u e s  a t  

0 °  a n d  9 0 °  (tp) o f  ( 2 0 0 / 1 1 0 )  a n d  ( 2 0 3 )  d i f f r a c t i o n  p l a n e s  d e c r e a s e d  s i g n i f i c a n t l y  a n d  

b e c a m e  c l o s e  t o  z e r o  ( S u p p o r t i n g  i n f o r m a t i o n  S 3 ) .  In  o t h e r  w o r d s ,  t h e r e  w a s  n o  a n y  

o r i e n t a t i o n  in  a  s p e c i f i c  d i r e c t i o n  (i.e. M D  o r  T D )  w h e n  t h e  i s o t r o p y  i n - p l a n e  w a s  

o c c u r r e d .

T h e  s t r u c t u r a l  p a r a m e t e r s  w e r e  d e t e r m i n e d  b y  u s i n g  t h e  2 D -  

S A X S  p a t t e r n s ,  a s  s h o w n  in  F ig u r e  4 . 5  a n d  F i g u r e  4 . 6 .  T h e  r e s u l t s  a r e  s h o w n  in  

F ig u r e  4 . 7 a - c  w h e r e  t h e  l o n g  p e r i o d ,  s i z e ,  a n d  t h i c k n e s s  o f  t h e  s t a c k e d  l a m e l l a e  a r e  

p l o t t e d  a g a i n s t  t h e  b i a x i a l - s t r e t c h i n g  r a te  f o r  3 x 3  a n d  5 x 5 - B O P L A ,  r e s p e c t i v e l y ,  

( s e e  c a l c u l a t i o n  in  S u p p o r t i n g  i n f o r m a t i o n  S 4 ) .  In  t h e  c a s e  o f  3 x 3 - B O P L A ,  t h e  l o n g  

p e r i o d  w a s  a l m o s t  c o n s t a n t  w i t h  a n  in c r e a s e  o f  s t r e t c h i n g  r a te  ( F i g u r e  4 . 7 A , a ) .  T h i s  

i m p l i e d  t h a t  t h e  3 X3  d r a w  r a t io  i s  n o t  e f f e c t i v e  e n o u g h  t o  b r i n g  in  t h e  s i g n i f i c a n t  

c h a n g e  in  t h e  l o n g  p e r i o d .  T h e  s i z e  o f  s t a c k e d  l a m e l l a e  d e c r e a s e s  ( F i g u r e  4 . 7 A . b ) ,  

w h i l e  t h e  l a m e l l a r  t h i c k n e s s  i n c r e a s e s  a t  t h e  r e l a t i v e l y  l o w  s t r e t c h i n g  r a te  b u t  it  

g r a d u a l l y  d e c r e a s e s  w i t h  a n  i n c r e m e n t  o f  s t r e t c h i n g  r a te  ( F i g u r e  4 . 7 A , c ) .  O n  t h e  

o t h e r  h a n d ,  in  t h e  c a s e  o f  5 x 5 - B O P L A  ( F i g u r e  4 . 7 B ) ,  t h e  l o n g  p e r i o d  d e c r e a s e s  

r e m a r k a b ly  w i t h  t h e  d e c r e a s e d  s t a c k e d  l a m e l l a r  s i z e  a s  t h e  s t r e t c h i n g  r a te  w a s  

i n c r e a s e d .  In  t h i s  w a y ,  f o r  t h e  h i g h  d r a w  r a t io ,  t h e  i n c r e m e n t  o f  s t r e t c h i n g  r a te  

e f f e c t i v e l y  p r o d u c e s  t h e  s t a c k e d  s t r u c t u r e  o f  l a m e l l a e  w i t h  r e l a t i v e l y  s m a l l  s i z e .  T h i s  

i s  c o n s i s t e n t  w i t h  t h e  r e s u l t s  o f  F i g u r e  4 . 4 B .  A t  t h e  s a m e  t i m e ,  a s  s e e n  in  t h e  D S C



61

r e s u l t  ( F i g u r e  4 . 9 ) ,  t h e  Xc i s  f o u n d  t o  i n c r e a s e  w i t h  a n  i n c r e a s e  o f  s t r e t c h i n g  r a te  

( m o r e  d i s c u s s i o n  in  Thermal behaviors of BOP LA films).

Figure 4.7 L o n g  p e r i o d ,  s i z e  a n d  t h i c k n e s s  o f  s t a c k e d  l a m e l l a e  a s  a  f u n c t i o n  o f  

s t r e t c h i n g  r a te  f o r  ( A )  3 x 3 - ,  a n d  ( B )  5 x 5 - B O P L A  f i l m s .

F i g u r e  4 . 7  l e a d s  t o  t h e  i n f o r m a t i o n  o f  t h e  m i c r o s t r u c t u r e  a s  

f o l l o w s .  T h e  c o m b i n a t i o n  o f  s l o w  s t r e t c h i n g  a n d  r e l a t i v e l y  l o w  d r a w  r a t io  g i v e s  t h e  

s m a l l  a m o u n t  o f  t h e  a p p r e c i a b l y  l a r g e  s t a c k e d  l a m e l l a e  w i t h  t h e  h i g h  d e g r e e  o f  

o r i e n t a t i o n  p a r a l l e l  t o  M D .  I n  c o n t r a s t ,  t h e  f a s t  s t r e t c h i n g  w i t h  t h e  h i g h  d r a w  r a t io  

p r o d u c e s  t h e  l a r g e  a m o u n t  b u t  r e l a t i v e l y  s m a l l  l a m e l l a e  w h i c h  a r e  g a t h e r e d  t o g e t h e r
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u n d e r  t h e  h i g h l y  i s o t r o p i c  o r i e n t a t i o n  a n d  Xc. T h e s e  t w o  l a r g e l y  d i f f e r e n t  

m i c r o s t r u c t u r e s  o r  m o r p h o l o g i e s  m a y  p l a y  a n  i m p o r t a n t  r o l e  in  t h e  r e m a r k a b le  

c h a n g e  in  t h e  m e c h a n i c a l  p r o p e r t i e s  s h o w n  in  F i g u r e  4 . 1 .  A s  a l s o  f o u n d  in  a n n e a l e d  

P L A  b y  t h e  s t u d y  o f  T s u j i  a n d  I k a d a  [ 4 7 ] ,  t h e  h i g h  a m o u n t  o f  s m a l l  P L A  c r y s t a l l i t e s  

p r o v i d e d  t h e  i n c r e a s e s  o f  t e n s i l e  s t r e n g t h  a n d  Y o u n g ’ ร m o d u l u s .

4.4.2.4 Thermal Behaviors of BOP LA Films
A s  d i s c u s s e d  a b o v e ,  t h e  B O  p r o c e s s  l e a d s  t o  t h e  r e m a r k a b l e  

c h a n g e s  in  t h e  m i c r o s t r u c t u r e  o f  P L A .  T h e s e  m o r p h o l o g i c a l  c h a n g e s  s h o u l d  a l s o  

r e f l e c t  d i r e c t l y  o n  t h e  t h e r m a l  b e h a v i o r  in  t h e  h e a t i n g  p r o c e s s  u p  t o  t h e  m e l t i n g  p o in t .  

T h e  s i m u l t a n e o u s  m e a s u r e m e n t  o f  W A X D  a n d  D S C  t h e r m o g r a m  w a s  p e r f o r m e d  t o  

c l a r i f y  t h i s  p o i n t .

Figure 4.8 D S C  t h e r m o g r a m s  o f  B O P L A  f i l m s  a t  d r a w  r a t i o s  o f  ( A )  3 x 3  a n d  ( B )  

5 X 5 b y  v a r i e d  s t r e t c h i n g  r a te s .

F ig u r e  4 . 8  s h o w s  D S C  t h e r m o g r a m s  o f  P L A  p r e c u r s o r  s h e e t  

a n d  a l l  B O P L A  f i l m s  w i t h  t h e  r e m a i n e d  To a t ~ 6 0  °c. A  s m a l l  e n d o t h e r m i c  p e a k  

( a r r o w  a ) ,  a s  c l e a r l y  o b s e r v e d  in  P L A  p r e c u r s o r  s h e e t ,  i s  d e t e c t e d  j u s t  a b o v e  To
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r e f e r r in g  t o  t h e  e n t h a l p y  r e l a x a t i o n  in  a m o r p h o u s  p h a s e .  It c o r r e s p o n d s  t o  t h e  

r e o r g a n i z a t i o n  o f  m e s o p h a s e ,  p r o d u c e d  in  t h e  B O  p r o c e s s ,  t o  f o r m  t h e  h i g h e r - o r d e r  

s t r u c t u r e  (/'.<?. Ô- a n d / o r  o r - f o r m )  a t  h i g h e r  t e m p e r a t u r e ,  a s  a l r e a d y  c l a r i f i e d  b y  

W a s a n a s u k  a n d  T a s h i r o  [ 4 2 ] ,  A  b r o a d  e x o t h e r m i c  p e a k  w a s  d e t e c t e d  a t  a r o u n d  9 8  ° c  

f o r  t h e  p r e c u r s o r  s h e e t ,  c o r r e s p o n d i n g  t o  t h e  r e c r y s t a l l i z a t i o n  t o  t h e  è f  f o r m .  T h i s  

t r a n s i t i o n  t e m p e r a t u r e  o f  3 x 3 - B O P L A  i s  f o u n d  t o  s h i f t  t o w a r d  t h e  l o w e r  t e m p e r a t u r e  

s i d e  a s  t h e  s t r e t c h i n g  r a te  w a s  i n c r e a s e d .  A  s h o u l d e r  o r  a  s m a l l  p e a k  b e l o w  t h e  

m e l t i n g  p e a k  c o r r e s p o n d s  t o  t h e  ร t o  a  t r a n s i t i o n .  F i g u r e  4 . 8 B  o b t a i n e d  f o r  5 x 5 -  

B O P L A  a l s o  s h o w s  t h e  s i m i l a r  b e h a v i o r s  w i t h  t h e  r e m a r k a b l e  s h i f t  o f  t h e  e x o t h e r m i c  

p e a k .  T h e  d e t a i l s  o f  t h e  s t r u c t u r a l  c h a n g e s  o c c u r r i n g  a t  t h e  i n d i v i d u a l  e n d o -  a n d  

e x o t h e r m i c  p e a k s  a r e  r e v e a l e d  b y  p e r f o r m i n g  t h e  s i m u l t a n e o u s  m e a s u r e m e n t  o f  

W A X D  a n d  D S C  ( s e e  d i s c u s s i o n  in  F i g u r e s  4 . 1 0 ,  4 . 1 1  a n d  4 . 1 2 ) .

Figure 4.9 P l o t s  o f  A c  d e r i v e d  f r o m  D S C  t h e r m o g r a m s  a g a i n s t  t h e  s t r e t c h i n g  r a te  f o r  

3 x 3 -  a n d  5 x 5 - B O P L A  f i l m s .

T h e  Ac w a s  e s t i m a t e d  f r o m  t h e  e n d o t h e r m i c  p e a k  a r e a  a t  t h e  

m e l t i n g  p o i n t .  T h e  r e s u l t  i s  s h o w n  in  F ig u r e  4 . 9 .  T h e  Ac o f  P L A  i n c r e a s e d  

r e m a r k a b ly  b y  b i a x i a l - s t r e t c h i n g .  T h e  Ac i n c r e a s e s  d r a m a t i c a l l y  w h e n  t h e  s a m p l e  w a s  

s t r e t c h e d  b y  3 x 3  a n d  5 X 5 a t  s l o w  r a te  o f  3 m m / s .  T h e  Ac o f  3 x 3 - B O P L A  i n c r e a s e s
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f u r t h e r m o r e  w h e n  t h e  s a m p l e  w a s  s t r e t c h e d  a t  a  h i g h e r  r a te .  B y  t h e  f a s t  s t r e t c h i n g ,

i.e., 3 7  a n d  7 5  m m / s ,  t h e  Xc i s  r e m a i n e d  a t  - 3 0 % ,  a l t h o u g h  t h e  d r a w  r a t io  w a s  

in c r e a s e d .

Figure 4.10 ( A )  T e m p e r a t u r e  d e p e n d e n c e  o f  W A X D  p a t t e r n s ,  a n d  ( B )  D S C  t h e r m o 

g r a m s  w i t h  i n t e n s i t y  a n d  h a l f  w i d t h  o f  ( 2 0 0 / 1 1 0 )  d i f f r a c t i o n  f o r  P L A  p r e c u r s o r  s h e e t .

F i g u r e  4 . 1 0 A  s h o w s  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  W A X D  

p r o f i l e  m e a s u r e d  f o r  t h e  P L A  p r e c u r s o r  s h e e t .  A s  a l r e a d y  p o i n t e d  o u t ,  t h e  s a m p l e  

w a s  a l m o s t  a m o r p h o u s  a t  r o o m  t e m p e r a t u r e .  E v e n  w h e n  t h e  s a m p l e  w a s  h e a t e d  

a b o v e  7 g , t h e  s a m p l e  w a s  s t i l l  in  t h e  a m o r p h o u s  p h a s e  a s  e v i d e n c e d  f r o m  n o  c h a n g e  

in  W A X D  p r o f i l e .  W h e n  t h e  t e m p e r a t u r e  w a s  i n c r e a s e d  t o  a b o u t  9 0  ° c ,  a  s h a r p  b u t  

s i n g l e  d i f f r a c t i o n  p e a k  o f  t h e  (5 -fo r m  d e v e l o p e d  f r o m  m e s o p h a s e  a p p e a r s ,  w h e r e  a n  

e x o t h e r m i c  p e a k  i s  d e t e c t e d  in  t h e  D S C  t h e r m o g r a m .  In  a  w i d e  t e m p e r a t u r e  r e g i o n  o f  

1 0 0  ° c  -  1 3 0  ๐c ,  t h e  ( 5 - fo r m  is  d e t e c t e d  a s  o b s e r v e d  f r o m  t h e  p r e s e n c e  o f  t h e  s t r o n g  

d i f f r a c t i o n  p e a k s  a t  1 4 . 7 ° ,  1 6 . 5 ° ,  1 9 . 1 °  a n d  2 2 . 1 °  26. J u s t  b e l o w  t h e  m e l t i n g  p o i n t  a t  

1 5 5  ° c ,  a  s m a l l  p e a k  i s  o b s e r v e d  a s  a n  e n d o t h e r m i c  p e a k  o f  t h e  D S C  w i t h  d e c r e a s i n g  

o f  ( 2 0 0 / 1 1 0 )  d i f f r a c t i o n  i n t e n s i t y  ( F i g u r e  1 0 B ) ,  w h e r e  t h e  ( 5 - f o r m  t r a n s i t i o n  t o  t h e  a- 
f o r m  o c c u r r e d .

In
te

n
sity
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Figure 4.11 T e m p e r a t u r e  d e p e n d e n c e  o f  W A X D  p a t t e r n s ,  a n d  i n t e n s i t y  a n d  h a l f  

w i d t h  o f  ( 2 0 0 / 1 1 0 )  d i f f r a c t i o n  c o m p a r e d  w i t h  D S C  t h e r m o g r a m s  m e a s u r e d  

s i m u l t a n e o u s l y  f o r  3 x 3 - B O P L A  b y  ( A ,  B )  3 ,  a n d  ( C ,  D )  7 5  m m / s ,  r e s p e c t i v e l y .

I n  t h e  c a s e  o f  3 x 3 - B O P L A  a t  3 m m / s ,  t h e  s t a r t i n g  s a m p l e  

c o n t a i n e d  t h e  s m a l l  a m o u n t  o f  (T -p h a s e ,  a s  s e e n  in  a  s h a r p  b u t  i s o l a t e d  p e a k  a t  a r o u n d  

1 6 .5 °  2(9 , a n d  m e s o p h a s e  w h i c h  fu r t h e r  d e v e l o p e d  t o  t h e  A - f o r m  a n d  t h e n  t o  t h e  or 

f o r m  in  a  h i g h e r  t e m p e r a t u r e  r e g i o n  ( F i g u r e  4 . 1 1  A )  a s  e v i d e n c e d  f r o m  t h e  s i g n i f i c a n t
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d e c r e a s e  o f  h a l f  w i d t h  a n d  i n c r e a s e d  i n t e n s i t y  o f  (200/110) d i f f r a c t i o n  a t  a b o v e  60 °c 
( F i g u r e  4 .1  I B ) .  T h e  3 x 3 - B O P L A  s t r e t c h e d  a t  a  h i g h  r a te  o f  7 5  m m / s  s h o w s  t h e  p e a k  

o f  t h e  ( 5 - f o r m  a t  t h e  s t a r t in g  p o i n t  o f  h e a t i n g  p r o c e s s  o r  r o o m  t e m p e r a t u r e  ( F i g u r e  

4 . 1 1 C ) .  I n  t h e  e x o t h e r m i c  p e a k  r e g i o n  a t  a r o u n d  7 5  ° c ,  t h e  / / - f o r m  p e a k  d e c r e a s e d  in  

i n t e n s i t y  o n c e  a n d  t h e n  in c r e a s e d  g r a d u a l l y  in  t h e  h i g h e r  t e m p e r a t u r e  r e g i o n  ( F i g u r e

4 .1  I D ) .  T h i s  m a y  b e  d u e  t o  t h e  e n t h a l p y  r e l a x a t i o n  o f  t h e  o r i g i n a l l y  c o n t a i n e d  

m e s o p h a s e ,  a n d  c o n s e q u e n t l y ,  t h e  m e s o p h a s e  r e c r y s t a l l i z a t i o n  i n t o  ( 5 - f o r m .  T h e  

s h a r p e n i n g  o f  t h e  d i f f r a c t i o n  p e a k  i s  c o n s i s t e n t  w i t h  t h i s  s t r u c t u r a l  r e g u l a r i z a t i o n .  

N o t a b l y ,  w h e n  t h e  t e m p e r a t u r e  w a s  h i g h e r  t h a n  1 2 0  ° c ,  t h i s  ( 2 0 0 / 1 1 0 )  p e a k  s h i f t s  

b a c k w a r d  t o  t h e  h i g h e r  20 w i t h  s l i g h t l y  s h a r p  p e a k  a n d  d e c r e a s e  in  i t s  i n t e n s i t y .  T h i s  

i m p l i e s  t h e  (5 t o  or p h a s e  t r a n s i t i o n .  T h e  s m a l l  e n d o t h e r m i c  p e a k  f o l l o w e d  b y  a  b r o a d  

e x o t h e r m i c  p e a k  o f  t h e  D S C  c a n  b e  a l w a y s  d e t e c t e d  f o r  t h e  3 x 3 - B O P L A  p r e p a r e d  a t  

t h e  d i f f e r e n t  s t r e t c h i n g  r a te s  ( F i g u r e s  4 . 8 A ,  4 .1  I B ,  a n d  4 .1  I D ) .  T h i s  e n d o t h e r m i c  

p e a k  r e g i o n  s h i f t e d  t o w a r d  t h e  l o w e r  t e m p e r a t u r e  s i d e ,  it p o i n t s  o u t  t h e  m e s o p h a s e  

t r a n s i t i o n  t o  t h e  ( 5 - f o r m  p r e f e r e n t i a l l y  o c c u r r e d  a t t h e  h i g h e r  s t r e t c h i n g  r a te .

T h e  s i m i l a r  o b s e r v a t i o n  w a s  a l s o  m a d e  f o r  t h e  5 x 5 - B O P L A .  

A s  s e e n  a l r e a d y  in  t h e  D S C  t h e r m o g r a m s  s h o w n  in  F i g u r e  4 . 8 ,  t h e  s m a l l  e n d o t h e r m i c  

p e a k  f o l l o w e d  b y  a  b r o a d  e x o t h e r m i c  p e a k  c a n  b e  o b s e r v e d  i n  t h i s  s a m p l e .  T h e  p e a k  

p o s i t i o n  i s  a l m o s t  t h e  s a m e  i r r e s p e c t i v e  o f  t h e  s t r e t c h i n g  r a te .  A s  s h o w n  in  F i g u r e  

4 . 1 2 ,  t h e  s i m u l t a n e o u s  m e a s u r e m e n t  o f  W A X D  a n d  D S C  r e v e a l e d  t h e  s t r u c t u r a l  

c h a n g e  a l o n g  t h e s e  t h e r m a l  e n e r g y  c h a n g e s :  t h e  e n t h a l p y  r e l a x a t i o n  o f  t h e  m e s o p h a s e  

(a t  a r o u n d  7 0  ° C )  f o l l o w e d  b y  t h e  a p p e a r a n c e  o f  t h e  ^ f o r r n  ( a t  a r o u n d  8 0  ° C )  i s  

d e t e c t e d  in  t h e  X - r a y  d i f f r a c t i o n  m e a s u r e m e n t ,  w h i c h  c o r r e s p o n d s  w e l l  t o  t h e  

t e m p e r a t u r e  r e g i o n s  o f  t h e  t h e r m a l  e n e r g y  c h a n g e s .
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5x5-BOPLA, 16 mm/s

ûJ 0.0
CTI

o -
0 2 0  4 0  6 0  8 0  1 0 0  12C 1 4 0  1 6 0

T e m p e ra tu re fc

Figure 4.12 I n t e n s i t y  a n d  h a l f - w i d t h  o f  ( 2 0 0 / 1 1 0 )  d i f f r a c t i o n  c o m p a r e d  w i t h  t h e  

D S C  t h e r m o g r a m  m e a s u r e d  s i m u l t a n e o u s l y  f o r  5 x 5 - B O P L A  a t  1 6  m m / s  s t r e t c h i n g  

r a te .

p h a s e  m a i n l y ,  w h i c h  t r a n s f o r m s  t o  m e s o p h a s e  f o l l o w e d  b y  t h e  r e g u l a r i z a t i o n  t o  t h e  

ร- ( a n d  a-) f o r m  in  a  h i g h e r  t e m p e r a t u r e  r e g i o n .  T h e  3 x 3 - B O P L A  e x i s t s  in  

m e s o p h a s e  w i t h  t h e  s m a l l  a m o u n t  o f  e m p h a s e .  B y  h e a t i n g ,  t h e  m e s o p h a s e  r e a r r a n g e s  

o n c e ,  a n d  t h e n ,  r e c r y s t a l l i z e s  t o  t h e  ( 5 - f o r m  in  a n  e x o t h e r m i c  r e g i o n .  A s  t h e  

s t r e t c h i n g  r a te  i s  i n c r e a s e d ,  t h e  r e g u l a r i z a t i o n  o f  m e s o p h a s e  t o  ( 5 - f o r m  o c c u r s  in  a  

l o w e r  t e m p e r a t u r e  r e g i o n .  M o r e  h i g h l y  s t r e t c h e d  B O P L A  ( 5 X 5 )  s h o w s  s h a r p e r  

t r a n s i t i o n  t o  (5 4 โ0 ท ฑ  a t  t h e  e x o t h e r m i c  p e a k  a r o u n d  7 2  ๐c .  A s  s e e n  in  t h e  W A X D  

p r o f i l e  d e t e c t e d  a t  r o o m  t e m p e r a t u r e  ( F i g u r e  4 . 4 A )  a n d  t h e  2 D - W A X D  p a t t e r n  

( F i g u r e  4 . 6 ) ,  t h e  5 x 5 - B O P L A  p r e p a r e d  a t  a  h i g h e r  s t r e t c h i n g  r a te ,  i.e., 7 5  m m / s ,  

c o n t a i n s  m u c h  h i g h e r  a m o u n t  o f  t h e  ร- f o r m  in  a d d i t i o n  t o  t h e  m e s o p h a s e ,  a l t h o u g h  

t h e ir  s i z e  i s  a b o u t  4  t i m e s  s m a l l e r  c o m p a r e d  w i t h  t h a t  o f  t h e  s a m p l e  p r e p a r e d  a t  l o w e r  

s t r e t c h i n g  r a te .

I n  s u m m a r y ,  t h e  P L A  p r e c u r s o r  s h e e t  e x i s t s  in  a n  a m o r p h o u s
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4.4.3 Integrating Microstructure Information with the Mechanical
Properties

The detailed analyses of the microstructure developed in 
BOPLA films lead US to the understanding of the drastic changes of BOPLA 
mechanical properties shown in Figure 4.1. Scheme 4.1 illustrates the microstructure 
change speculated for each BOPLA. The PLA precursor sheet is in an amorphous 
state with some mesophase. When it was biaxially-stretched, the crystalline phase 
was gradually developed depending on the stretching rate. For the stretching 
condition at 3 mm/s, BOPLA showed the coexistence of the mesophase and (5-phase 
with the crystallite size of about 60 nm and the Xc of about 15% - 25%. The 
crystallite size decreased to a half when the stretching rate was increased to the 
moderate rate (16 mm/s) whereas the lamellae mainly aligned anisotropy in-plane in 
preferential MD. This brought a slight improvement on mechanical properties of 
PLA as seen from the increase in tensile strength and elongation at break for 2 and 
10 times, respectively. When the stretching rate was further increased, the lamellar 
size was decreased significantly. When the draw ratio was increased to 5x5 
combined with 75 mm/s, the (5-phase became the main crystal form with the reduced 
<L>200,1 I0 to 10 nm. The Xc reached the maximum at 30%. At this BO condition 
(5x5, 75 mm/s), the BOPLA showed a certain level of isotropic orientation. The 
careful analyses let US know that this orientation was composed of the smallest 
crystalline lamellae with the closest stacking (or the decrease of the long period) as 
compared to other stretching rates and draw ratio. In fact, this high-order structure of 
BOPLA gives the remarkable mechanical properties with high tensile strength (more 
than 4 times) and elongation at break (more than 20 times). It is also important to 
note that the results in Figures 4.10, 4.11 and 4.12 are the integrated information of 
the changes in temperature and the packing structure of BOPLA. All changes of 5x5- 
BOPLA developed in Figure 4.12 in terms of sharpen half width of (200/110) planes, 
and slightly decreased (2 0 0 / 1 1 0 ) diffraction intensity, therefore, were started from 
the original packing structure ((5-form) of Scheme 4.1(C).
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S c h e m e  4 .1  Illu stration  for m icrostru ctu re c h a n g e  o f  B O P L A  f i lm s  u n der varied
b ia x ia l-s tre tc h in g  rates.

4.5 Conclusions

The conventional PLA film is comparatively brittle and becomes a main 
problem. In this study, the simultaneous BO process has been applied to the PLA 
film. In the past, there were several reports about BOPLA films [23-33], but the 
present work is totally different from theirs in such a point that the quite high 
stretching rate was applied for the first time. It gave the film with remarkably 
enhanced mechanical properties. The detailed analyses of WAXD, SAXS, FTIR 
spectra and DSC thermograms have revealed the existence of characteristic 
morphology in such a speedily-stretched BOPLA film. That is to say, the presence of 
many small but highly-oriented crystallites is considered to give the remarkable 
enhancement of tensile strength and elongation at break. As well known, the 
existence of many small grains is important for the production of steel with excellent 
mechanical toughness [48]: the smaller the grains size results in the harder toughness
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of steel. The similar situation was detected for the BOPLA films: the crystallite size 
and the toughness are, roughly speaking, in the inverse relation with each other as 
seen from the comparison among Figures 4.IB, 4.4B, and 4.7. In fact, as shown in 
Figure 13, a good linear relationship between the mechanical properties and the 
inversed crystallite size for the BOPLA films prepared at the different conditions is 
successfully established. Of course, steel and polymer might have the different 
morphology from each other, making it difficult to compare them from the similar 
structural viewpoint. But, the more compact packing of stacked lamellae and the 
closer chain packing in the crystallites may give the stronger interactions between 
them, resulting in the mechanically tough microstructure. In this way, the present 
work has clarified for the first time an ideal microstructure giving an excellent 
mechanical properties, which can be obtained from an unexpectedly simple 
processing condition, e ., to increase the stretching rate and draw ratio in the BO 
process.

1 /Crystallite Size /nm'1

Figure 4.13 Relationship between the mechanical properties and the inversed 
crystallite size ((200/110) diffraction) plotted for a series of BOPLA films.
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