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Abstract   The  inherent  brittleness  of  biodegradable  poly(glycolic  acid)  (PGA)  restricts  its  utilization  in  the  packaging  field.  Traditional

toughening  methods  usually  require  additional  components  accompanied  by  a  sacrifice  of  strength.  In  the  present  work,  PGA  films  with

simultaneously enhanced strength and ductility are achieved via “casting-stretching-annealing” technology. The reinforced chain entanglement

network of PGA induced by the intense extensional stress and the highly oriented crystals grown and refined during the stretching and annealing

process  endowed  the  improved  ductility  and  strength  of  the  PGA  films,  respectively.  The  relationships  among  the  stretching  process,

microstructure and mechanical properties of the PGA films have been systematically investigated. As a result, the PGA film (SA-2) with low stretch

ratios  exhibits  excellent  ductility  with  an  increase  in  elongation  at  break  from  22%  to  220%  and  tensile  strength  from  56  MPa  to  130  MPa.

Meanwhile,  the  PGA  film  (SA-4)  with  large  stretch  ratios  features  much  higher  tensile  strength  (335  MPa)  while  maintaining  good  ductility

(elongation at break of 66%). In addition, highly oriented crystals result in obvious enhancement of heat resistance and dimensional stability of

the PGA films. Therefore, this work provides an effective route to fabricate PGA films with both high strength and ductility which may promote

the application of PGA materials.
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INTRODUCTION

In  recent  years,  many  efforts  have  been  attempted  to  address
the  environmental  and  ecosystem  impacts  caused  by  the
overuse  of  plastic  products.[1–3] The  development  and
application  of  eco-friendly  polymer  materials  is  one  of  the
promising solution strategies  to  tackle  the  plastic  epidemic.[4,5]

As  a  bio-compostable  polyester,  poly(glycolic  acid)  (PGA)
possesses  many  advantages  including  great  mechanical
strength,  chemical  resistance  and  outstanding  barrier
properties,  which  make  a  great  potential  application  in
packaging.[6–9] However,  the utilization scope of  PGA is  greatly
restricted by its poor ductility.

Currently, the main strategies to achieve balanced mechan-
ical performance of polymer are copolymerization and blend-
ing.  Copolymerization  can  greatly  improve  toughness,  thus
many studies have focused on the synthesis and characteriza-
tion  of  PGA  copolymers  such  as  poly(lactic  acid-co-glycolic
acid) and poly(glycolic acid-co-ε-caprolactone).[10,11] However,
copolymerization often requires complicated design and syn-
thesis processes, and sometime may have negative influence

on other  properties.[12] Another  toughening method is  melt-
blending with flexible component, which is a more attractive
and  cost-effective  strategy  for  industrial-scale  production.
Rubbers  and  flexible  polymers  were  incorporated  for  tough-
ening brittle  polymers.[13–16] Specifically,  in  order  to preserve
biodegradability of PGA, the biodegradable polymers, such as
poly(butylene  adipate-ran-terephthalate)  (PBAT)[17–20] and
polycaprolactone  (PCL),[21] were  used  primarily.  Although
good progress of PGA blends has been achieved for toughen-
ing PGA, several issues are yet to be addressed. (1) Most of the
flexible  component  is  immiscible  with  the  polymer  matrix
and  compatibilizers  need  to  be  introduced  to  obtain  better
toughening effect. As previously reported in our work,[19] the
interfacial  interaction  and  toughness  were  improved  by  the
addition  of  epoxy  functionalized  copolymer.  (2)  The  biode-
gradability  and  degradation  ratio  are  hard  to  control  when
PBAT,  PCL  or  compatibilizer  is  included  in  PGA  matrix.  (3)
More  importantly,  the  improved  ductility  in  literature  is  usu-
ally accompanied by a sacrifice in mechanical strength. There-
fore,  it  is  still  a  challenge  to  simultaneously  enhance  the
strength  and  ductility  of  PGA  materials  while  maintaining
good biodegradability.

Self-toughening  techniques  are  gaining  increasing  atten-
tion,  especially  in  polymer  glass.  The  increased  toughness
caused  by  the  mechanical  rejuvenation  of  glassy  polymers
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(such  as  polycarbonate[22] and  polystyrene[23,24])  has  been
confirmed  and  reasonably  answered  by  a  two-component
model.  The  original  two-component  model  decomposes  in-
teraction into covalent bonding in the chain network (primary
bonds)  and  intersegmental  van  der  Waals  forces  (secondary
bonds).[25] Wang et  al.[26,27] considered  polymer  glasses  as  a
hybrid  network  formed  by  the  nonbonded  van  der  Waals
force  and  the  underlying  load-bearing  chain  entanglement
network. The ductile behavior resulting from mechanical reju-
venation  and  stretching  is  explained  as  an  enhancement  or
densification  of  the  load-bearing  chain  entanglement  net-
work.[28] Self-toughening  technique  is  also  applied  to  semi-
crystalline polymers. For example, the enhanced toughness of
poly(lactic  acid)  (PLA)  by  annealing[29,30] and  high-tempera-
ture stretching[31–34] has been explored, which is attributed to
a reduction in critical stress for shear yielding by robust chain
entanglement network and high energy gauche-gauche (gg)
conformers. In addition, stretch-induced orientation and crys-
tallization are also effective in increasing strength.[35] In sum-
mary,  finely  constructing  the  crystalline  and  amorphous
structure of semi-crystalline polymer is a feasible way to tailor
the  mechanical  performance  without  any  additional  addi-
tives.  However,  to  our  best  knowledge,  the  research  on  self-
toughening or self-reinforcement of PGA is seldom reported.

PGA is difficult to be drawn at solid state due to its fast crys-
tallization rate and high crystallinity,  thus very brittle in gen-
eral. In the present study, we obtained essentially amorphous
PGA by quenching to allow ample space for manipulating the
amorphous  and  crystalline  structure.  The  oriented  PGA  crys-
tals  and  the  robust  amorphous  chain  network  were  then  in-
duced  by  extensional  stress  and  temperature  fields.  A  scal-
able  “casting-stretching-annealing”  route  is  proposed  in  this
work  to  fabricate  PGA  films  with  simultaneously  improved
strength  and  ductility.  The  oriented  crystalline  and  lamellar
structure  are  confirmed  by  X-ray  scattering.  Temperature-
modulated differential scanning calorimetry (TMDSC) and dy-
namic mechanical analysis (DMA) are used to investigate the
amorphous chain entanglement network. This study provides
insight  in  the  structural  and  property  transitions  upon  the
uniaxial  stretching  of  PGA,  which  may  develop  a  new  ap-
proach  for  simultaneously  enhancing  strength  and  tough-
ness of PGA products without additional additives.

EXPERIMENTAL

Materials
PGA pellets were kindly supplied by Shanghai Pujing Chemical

Industry Co., Ltd., China. The number-average molecular weight
and  the  polydispersity  index  are  1.7×105 g/mol  and  1.3,
respectively.

Sample Preparation
PGA  was  dried  at  80  °C  under  vacuum  overnight  before
processing. The PGA sheets with a low crystallinity and a thick-
ness  of  0.3  mm  were  made  by  casting  process.  Then,  the  PGA
sheets were cut into squares of 90 mm × 90 mm, and uniaxially
stretched  to  different  stretch  ratios  (SRs)  using  a  laboratory
stretcher  (HTU-200,  Puliang  Technology,  Chain).  Finally,  the
stretched  PGA  films  were  annealed  at  130  °C.  The  fabrication
process is shown in Fig. 1. For convenience, the films fabricated
by  casting-stretching  and  stretching-annealing  process  were
abbreviated as CS-x and SA-x, where x indicates the SRs.

Characterization

Wide- and small-angle X-ray scattering (WAXS and SAXS)
The  two-dimensional  WAXS  and  SAXS  measurements  were
performed  on  the  XEUSS  3.0  bench  equipped  with  a  copper
internal  source  (Genix3D)  that  produced  an  X-ray  beam
(λ=0.15418 nm) with an energy of 8 keV. The sample-to-detector
distances  were  60  and  500  mm  for  WAXS  and  SAXS
measurements,  respectively.  All  the  acquisition  time  for
measurements  were  set  as  600  s.  The  2D  patterns  were
integrated  to  1D  intensity  profile  by  software  (XCACT)  as
function  of  scattering  angle  2θ and  scattering  vector q (q =
4πsinθ/λ, where λ is the wavelength of the incident beam) for
WAXS and SAXS measurements, respectively. The orientation
parameter  was measured by the Herman’s  orientation factor
calculated by the following equations:

fhkl =
3⟨cos2φhkl⟩ − 1

2
(1)

cos
2φhkl =

∫π/2
0 Ihkl (φ) cos2φsinφdφ

∫π/2
0 Ihkl (φ) sinφdφ

(2)

φ Ihkl (φ)where  is the azimuthal angle,  is the azimuthal intensity
distribution  along  (hkl)  reflection  of  PGA.  The  inverse  Fourier
transform  given  as  follows  was  applied  to  1D-SAXS  intensity
profile I(q) for  obtaining  the  electron  density  correlation
function K(z) intensity:

K(z) = ∫∞0 I (q) q2cos (qz)dq

∫∞0 I (q) q2dq
(3)

where z denotes  the  location  measured  parallel  to  the
stretching direction, and I(q) is the intensity. The long period (L),
amorphous  thickness  (La)  and  lamellar  thickness  (Lc)  structures
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Fig. 1    Schematic diagram of the fabrication process of PGA films.
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can  be  obtained  according  to  the  previous  method.[36] The
smaller value was assigned as the average Lc, and the La can be
calculated by La = L − Lc.

Temperature-modulated differential scanning calorimetry
(TMDSC)
The DSC and temperature-modulated DSC (TMDSC) analysis of
samples  were  studied  with  a  Netzsch  204  F1  DSC  instrument
under  nitrogen  atmosphere  (50  mL/min).  Each  sample  (5  mg)
was  encapsulated  in  an  aluminum  closed  pan.  Samples  were
heated from 0 °C to 250 °C at a rate of 20 °C/min for DSC. In the
TMDSC testing, the samples were heated from 20 °C to 70 °C at
3  °C/min  with  an  oscillation  period  of  60  s  and  a  temperature
modulation  amplitude  of  ±0.5  °C.  The  crystallinity  (Xc,d)  was
calculated as follows:

Xc,d =
ΔHm − ΔHcc

ΔH0
m

× 100% (4)

H0
mwhere  Δ  is  the  enthalpy  of  melting  for  100%  crystallinity  of

PGA  (135  J/g).[9] The  content  of  mobile  amorphous  fraction
(XMAF)  and  the  rigid  amorphous  fraction  (XRAF)  were  calculated
from  the  reversible  heat  capacity  (Cp)  in  the  glass  transition
region using the following equations:

XMAF =
ΔCp

ΔC0
p

(5)

XRAF = 1 − XMAF − Xc,d (6)

ΔC0
pwhere  is  the  heat  capacity  for  totally  amorphous  PGA

(0.642 J·g−1·°C−1).[37]

Dynamic mechanical analysis (DMA)
DMA (Q800,  TA instrument,  USA)  was  used to  characterize  the
thermal  dynamic  mechanical  properties  under  a  tensile-film
mode. The test temperature was ranged from 20 °C to 90 °C, and
the heating rate, frequency and amplitude were maintained as 3
°C/min, 1 Hz and 15 μm, respectively.

Mechanical properties
The  tensile  properties  were  measured  according  to  GBT529-
2008 standard by using a testing instrument (Instron5967, USA)
with  a  tensile  speed  of  10  mm/min  at  room  temperature  and
the results were the average of five independent specimens for
each sample.

RESULTS AND DISCUSSION

Crystalline and Lamellar Structure of the Stretched
PGA Films
Crystalline  structural  evolution  of  PGA  films  was  explored  by
WAXS  measurements.  As  shown  in  the  2D-WAXS  patterns  of
PGA  films  in Fig.  2,  only  a  diffuse  halo  scattering  ring  can  be
found  in  the  CS  films  (SR  from  1  to  4),  reflecting  very  low
crystallinity.  It  suggests  that  the  crystallization  is  suppressed
during casting process,  and neither thermal nor stress induced
crystallization  occurs  during  stretching.  It  is  reported  that
extensional  stress  could  reduce  nucleation  barrier  of  critical
nucleus  to  induce  crystallization  by  forming  ordered
structures.[38] However, due to the low crystallization kinetics at
stretching  temperature  (close  to  the Tg of  PGA),  no
crystallization  occurs  during  stretching.  On  the  other  hand,
annealing  could  increase  the  crystallinity  and  crystalline
perfection,  thus  all  the  SA  films  exhibit  multiple  scattering
signals.  The  unstretched  film  (SA-1)  displays  isotropic  typical
scatting rings of PGA crystal, which can be indexed as (110) and
(020)  of  PGA  lattice  planes.  SA-2,  SA-3,  SA-4  films  exhibit
anisotropic scattering arcs. The scattering intensity of (110) and
(020)  reflections  along  the  equator  direction  shows  obvious
reinforcement with increasing SRs. Meanwhile, a new scattering
arc  is  observed  in  the  meridian  direction,  which  is  assigned  to
the (002) of PGA lattice planes.[39] The corresponding 1D-WAXS
curves are shown in Fig. 3(a).  It  is  clearly seen that the CS films
present  a  typical  amorphous  broad  peak.  After  annealing,  two
strong scattering peaks are observed at 2θ=22.1° (110) and 28.6°
(020). For evaluating the orientation of the crystalline in the SA
films quantitatively, PGA (110) scatting was circularly integrated
from 2D patterns to calculate orientation parameter (f) (see Fig.
3b and Fig. S1 in the electronic supplementary information, ESI).
The f of SA-1 film is negligible (f=0.09) and then increases almost
linearly to 5.4 as the SR increases to 4, indicating the formation
of highly oriented PGA crystals.

The lamellar structure of PGA was further characterized by
SAXS measurements. Fig. 4 illustrates the 2D-SAXS patterns of
PGA films with different fabrication processes and SRs. Appar-
ently,  no  visible  scattering  signal  is  observed  in  any  CS  films
due  to  very  low  crystallinity,  which  is  consistent  with  the

CS-1 CS-2 CS-3 CS-4

SA-1 SA-2 SA-3 SA-4

SD

(110) 

(020) 

(002) 

 
Fig. 2    Two-dimensional WAXS patterns of PGA films. The corresponding fabrication process and SRs are listed in the top left of each
image. Stretching direction (SD) is shown by double-headed arrow.
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WAXS results. In contrast, the formation of PGA crystals in SA
films leads to a pronounced scattering signal in the 2D-SAXS
patterns.  The  2D-pattern  of  SA-1  film  is  circular  of  iso-inten-
sity  due  to  the  initial  random  distribution  of  lamellar  stacks.
The  scattered  signals  gradually  concentrate  into  meridian
with increasing SR,  indicating the orientation of the lamellar.
Moreover, the films with high SRs (CS-3, CS-4, SA-3 and SA-4)
exhibit equator streak scattering across the beamstop, which
indicates  an  elongated  heterogeneous  structure  along  the
stretching direction such as microfibrils.[40] To obtain the de-
tailed  periodic  information  of  the  lamellae  arrangement,  the
1D-SAXS  curves  with  Lorentz  correction  are  integrated  from
2D pattens along the meridian direction, as presented in Fig.
5(a). A scattering peak near q=0.8 nm−1 is observed in the an-
nealed films (SA films). Long period (L),  amorphous thickness
(La) and lamellar thickness (Lc) of the SA films were calculated
by  Fourier  transform  correlation  function,  as  summarized  in
Fig.  5(b).  The L increases  monotonically  with  increasing  SR,
which  mainly  stems  from  the  crystalline  thickening,  as  evid-
enced  by  the  more  noticeable  increase  in Lc and  the  essen-
tially unchanged La. It is due to that the extensional stress-in-
duced ordered molecular chains are more readily aligned in-
to the lattice.[41]

Amorphous Architecture of the Stretched PGA Films
DSC and DMA were used to evaluate the amorphous structure
of stretched PGA films that cannot be identified by X-rays. Fig. 6
shows the first  DSC heating curves  of  CS and SA films and the
thermal parameters are summarized in Table S1 (in ESI). For the
CS  films,  DSC  curves  are  characterized  by  glass  transition,  cold
crystallization  exotherm  and  melting  endotherm.  Two  weak
endothermic  peaks  are  appearing  near  the  glass  transition
temperature  in  the  CS-3  and  CS-4  films,  which  will  be  further
discussed below in TMDSC results. The crystallinity of CS-1 film is
13.7% according to the Eq. (4) and increases to 20.7% of CS-4. It
is  not  so  consistent  with  the  WAXS  results  in Fig.  2,  which  is
probably  attributed  to  the  recrystallization  and  the  lower
enthalpy  required  for  folding  of  locally  ordered  structure  into
lattice  upon  heating.[34,42] The  gradual  increase  in  crystallinity
arises from stress-induced orientation and tiny crystallites, but it
not  yet  detectable  in  X-rays.  The  orientation  of  amorphous
molecular chains in the CS films is verified by the reduced cold
crystallization  temperature  (Tcc)  with  increasing  SR.  The  well-
aligned  amorphous  chains  could  rearrange  into  lattice  more
easily,  causing  an  earlier  onset  of  cold  crystallization.[43,44] In
addition,  the  glass  transition  temperature  (Tg)  responds  to  the
amorphous chain mobility. The damping factor (tanδ) curves in
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Fig. 3    (a) Representative 1D-WAXD patterns profiles (integrated along the equator direction) of PGA films; (b) Orientation parameter (f,
associated with the PGA (110) reflection) of SA films as function of SRs.

SA-1 SA-2 SA-3 SA-4

CS-1 CS-2 CS-3 CS-4

SD

 
Fig.  4    Two-dimensional  SAXS patterns of  PGA films.  The corresponding fabrication process and SRs are listed in the top left  of  each
image. Stretching direction (SD) is shown by double-headed arrow.
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Fig.  6(c)  clearly  illustrates  the Tg of  PGA  films  and  the
corresponding values are presented in Fig. 6(d). The elevation in
Tg from  49.5  °C  for  CS-1  to  52.8  °C  for  CS-4  indicated  that  the
formation  of  ordered  entanglement  network  suppresses  the
mobility  and  relaxation  of  PGA  amorphous  chains.[32,45] The
reduction  in  tanδmax with  SR  suggests  a  decrease  of  the
relaxable  molecular  chain  content.[46] After  annealing,  the  SA
films were crystallized with a crystallinity of round 50%, and the
cold  crystallization  is  absent  in  the  DSC  curves.  The  SA  films

exhibit  larger increase in Tg compared to the CS films,  because
the  refined  PGA  crystals  further  restrict  the  mobility  of
amorphous  chains.  It  is  worth  noting  that  the Tg values  of  SA
films increase from 62.7 °C to 66.4 °C as SR increases,  although
the  SA  films  exhibit  similar  crystallinity,  indicating  that  more
ordered chain entanglement network in the stretched films.

TMDSC  was  used  to  further  quantify  and  detect  the
ordered  structure  of  the  amorphous  chains  in  the  films.  The
nonreversible  heat  flow  curves  of  CS  films  are  shown  in Fig.
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Fig. 5    (a) 1D-SAXS patterns profiles (integrated along the meridian direction) of PGA films; (b) Long period (L), amorphous thickness (La)
and lamellar thickness (Lc) of the SA films as a function of SRs.
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7(a1).  Endothermic  peaks  and  cold  crystallization  exothermic
peaks are observed in the nonreversible heat flow of CS films.
The  endothermic  peak  is  regarded  as  essentially  the
devitrification and relaxation of ordered molecular chain (e.g.,
mesophase,[43] RAF,[47] or the physical aging[48]). Thus, the en-
dothermic  peak  in  this  work  is  defined  as  chain  relaxation
peak. As SR increases, the chain relaxation temperature shifts
to  higher  temperatures,  while  cold  crystallization  temperat-
ure  gradually  decreases.  This  is  a  clear  evidence  of  the  ori-
ented amorphous chains  formation during stretching.  An in-
teresting observation is  that  CS-3  and CS-4  films  exhibit  two
chain relaxation peaks (around 37 and 43 °C, marked as T1, T2,
respectively),  indicating  the  presence  of  amorphous  chains

with different chain mobilities. The lower temperature peak is
assigned  to  the  relaxation  of  the  less-hindered  chains  while
the  higher  temperature  peak  corresponds  to  the
devitrification of  confined chains.[49] The reversible heat flow
of the stretched films (Fig.  7a2)  exhibits  an increase in Tg,  ac-
companied  by  broader  glass  transition  region  and  less  amp-
litude.  These  findings  also  indicate  that  robust  and  ordered
amorphous  chain  entanglement  networks  are  created in  the
stretched films. The crystallinity (Xc), XMAF and XRAF of CS films
are presented in Fig. 7(a3). The XMAF values are determined as
78 % of CS-1 and 50% of CS-4, which indicate that a large part
of  MAF  chains  is  consumed  and  immobilized  during  the
stretching  process.  Correspondingly, Xc-PGA and XRAF gradu-

20 30 40 50 60 70 80 90

  CS-1

  CS-2

  CS-3

  CS-4

Heating

Temperature (°C) 
20 30 40 50 60 70 80 90

Temperature (°C) 

Temperature (°C) 

Tg-DSC

Tg-DSC

Temperature (°C) 

Chain relaxtion Cold crystallization

T1
T2

N
o

n
re

v.
 h

e
a

t 
fl

o
w

E
xo

a1 b1

a2 b2

a3 b3

Heating Heating

Heating

N
o

n
re

v.
 h

e
a

t 
fl

o
w

E
xo

  SA-3

  SA-4

  SA-1

  SA-2

Chain relaxtion

20 25 30 35 40 45 50

  CS-1

  CS-2

  CS-3

  CS-4

R
e

v.
 h

e
a

t 
fl

o
w

E
xo

R
e

v.
 h

e
a

t 
fl

o
w

E
xo

20 25 30 35 40 45 50 55 60

  SA-1

  SA-2

  SA-3

  SA-4

CS-1 CS-2 CS-3 CS-4
0

10

20

30

40

50

60

70

80

90

13.5

17.7 18.2
20.7

77.6

62.8

56.3

49.4

8.9

19.5
25.5

29.9

Xc XMAF XRAF Xc XMAF XRAF

 C
o

n
te

n
t 

(%
 )

 

Sample Sample 

0

10

20

30

40

50

60

70

80

90

 C
o

n
te

n
t 

(%
 )

 

SA-1 SA-2 SA-3 SA-4

46.4 47.1 48.7 48.8

39.1
29.5

22.4
18.4

14.5

23.4

28.9
32.8
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ally increase from 14% to 21% and from 20% to 30%, respect-
ively.  The  high XRAF value  in  CA-3  and  CA-4  is  probably  re-
sponsible  for  the  dual  chain  relaxation  peak  behavior  in  the
nonreversible  flow.  The rigid  amorphous chains  need higher
energy for relaxation during the glass transition process com-
pared  to  the  mobile  amorphous  chains,  and  thus  exhibit
higher chain relaxation peak (T2). The TMDSC results of the SA
films are presented in Figs. 7(b1), 7(b2) and 7(b3). Attributed to
the  high  crystallinity  (about  50%),  the  relaxation  of  the
amorphous chains including RAF and MAF is severely restric-
ted by the crystallites. Thus, the SA films exhibit one chain re-

laxation  peak  and  a  glass  transition  region  with  less  amp-
litude  in  the  reversible  flow.  Moreover,  the  glass  transition
and chain relaxation of the SA films shift towards higher tem-
peratures with SRs,  suggesting that robust  amorphous chain
entanglement  network  is  maintained  during  annealing  pro-
cess.

Mechanical and Heat-resistant Performance of the
Stretched PGA Films

Mechanical properties
The mechanical properties of PGA films are presented in Fig. 8.
As for CS films, the unstretched film (CS-1) exhibits high ductility
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Fig.  8    The  stress-strain  curves  of  (a)  CS  and  (b)  SA  films.  Detailed  mechanical  properties  of  stretched  PGA  films  including  (c)  yield
strength, (d) Young′s modulus, (e) tensile strength and (f) elongation at break.
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but modest strength. Uniaxial stretching has a positive effect on
the  strength  and  stiffness,  as  evidenced  by  the  increase  in  the
yield  strength  and  Young′s  modulus  to  63  and  2190  MPa,
respectively,  for  CS-4  film.  The  significant  strain  hardening
results in the markedly increase in tensile strength from 40 MPa
to  72,  88  and  107  MPa  with  growing  SR.  After  annealing,  the
yield strength of all SA films further increases to about 105 MPa.
The  effect  of  uniaxial  stretching  is  reflected  in  the  substantial
improvement in the stiffness and ultimate tensile strength. The
Young′s  modulus  and  tensile  strength  of  SA-4  are  as  high  as
5680 and 335 MPa, increased by 2.1 and 8.4 times relative to SA-
1  films,  respectively.  Notably,  the  ductility  of  unstretched  film
drops  significantly  after  annealing.  In  contrast,  the  stretched
films maintain a high ductility after annealing. The elongation at
break  of  SA-2  is  identified  as  220%,  an  increase  of  188  %  over
SA-1.

Stretching  above Tg could  effectively  improve  the  mecha-
nical  properties  of  semi-crystalline polymers  by inducing the
oriented amorphous molecular chains and crystallites with in-
creasing Xc.  As a result, the yield strength and modulus of CS
films increase with growing SR, but the ductility decreases ac-
cordingly. After annealing, the increased PGA crystal orienta-
tion leads to an overall increase in the strength and modulus
of  SA films compared to  CS films.  Meanwhile,  the crystalliza-
tion  during  annealing  consumes  mobile  amorphous  chains
and damages a part of chain entanglement, resulting in a no-
ticeable  reduction  in  elongation  at  break.[33,34] Interestingly,
the  orientation  structure  formed  by  stretching  seems  to
maintain  the  amorphous  chain  entanglement  network  to
some  extent  during  annealing,  which  contributes  to  the
ductility of the SA films. With further increase in SR, the highly
oriented  PGA  crystals  imparts  an  unexceptionable  strength
and  modules  of  the  films.  Strain  hardening  is  also  a  note-
worthy factor in determining mechanical properties. A strong
demonstration  of  stretch-induced  amorphous  chain  orienta-
tion is the more obvious strain hardening as the SR increases.
The  more  susceptible  disorder-order  transition  of  oriented
amorphous  chains  is  responsible  for  the  early  development
and  increased  slope  of  strain  hardening  of  stretched
films.[32,36] In addition, the strain hardening of stretched films
further  moves  to  lower  strain  after  annealing,  accompanied
by  steeper  slopes,  suggesting  that  the  more  ordered  struc-

ture  in  the  annealed  films  shows  strong  molecular  interac-
tions  during  deformation.  This  is  inconsistent  with  our  usual
assumption  that  heat-setting  reduces  the  orientation.  It  is
probably explained by the fact that the crystallization mainly
consumes and immobilizes  the mobile  amorphous chains  to
form crystals, while the ordered rigid amorphous chains with
higher  cohesiveness  are  retained  (as  shown  in Fig.  3).  It  also
suggests that the pressure during annealing process could ef-
ficiently inhibit the relaxation of the oriented PGA chains.

Heat resistance and dimensional stability
The SA films with high crystallinity (as evidenced by WAXS and
DSC results) are predicted to exhibit better dimensional stability
than  CS  films  at  temperatures  above Tg.  DMA  measurements
and  the  deformation  of  film  at  70  °C  were  used  to  prove  this
prediction  more  convincingly. Figs.  9(a)  and  9(b)  show  the
temperature dependence storage modulus (E′) curves and the E′
value at 70 °C of PGA films, respectively. As shown in Fig. 9(a), all
the films exhibit a glass plateau region and a rubbery zone. The
CS  films  show  a  sharp  reduction  in E′ across  glass  transition
region due to the lack of crystals. The E′ then starts to increase as
the  temperature  rises  above  65  °C  because  of  the  cold
crystallization. The E′ at 70 °C of CS films are all  lower than 500
MPa,  indicating  a  poor  heat  resistance.  In  contrast,  SA  films
exhibit  a  more  modest  decrease  in E′ at  high  temperatures
compared  to  CS  films.  The E′ at  70  °C  of  unstretched  film
increases from 94 MPa (CS-1) to 1401 MPa (SA-1). And it further
increases  to  2277  MPa  (SA-4)  with  increasing  SR  owing  to  the
crystalline orientation. Fig. S2 (in ESI) depicts the digital image of
CS-4 and SA-4 before and after placing at 70 °C for 5 min, with
the  CS-1  as  a  comparison.  The  CS-4  and  SA-4  films  exhibit
essentially  the  same  length,  indicating  that  the  films  did  not
shrink during annealing process.  After  5 min at  70 °C,  the CS-4
film shrinks completely to the same length as unstretched CS-1
film due to the relaxation of oriented PLA chains. In contrast, the
SA-4  film  shows  almost  no  trace  of  shrinkage.  These  results
confirm  that  the  dense  crystals  formed  during  the  annealing
process  can  inhibit  the  deformation/relaxation  of  the
amorphous  regions,  thus  imparting  a  high  modulus  and  good
dimensional  stability  to  the  PGA  films  at  such  high
temperatures.

Structural and Property Evolution of the Stretched
PGA Films
PGA films with high strength, ductility and heat resistance were
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Fig. 9    (a) Temperature dependence of storage modulus (E′) and (b) the value of E′ at 70 °C for the PGA films.
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prepared  by  applying  extensional  stress  and  heat  treatment.
The  superior  comprehensive  properties  of  PGA  films  are
strongly related to the amorphous entanglement network and
crystal  structure.  By  combining  X-ray  scattering  techniques,
DSC,  DMA  and  property  characterization,  we  endeavor  to
illustrate the strengthening and toughening mechanisms of the
stretched films as a guide for the design and fabrication of high-
performance  PGA  materials.  The  schematic  representation
structural and property evolution of PGA films during stretching
and annealing is illustrated in Fig. 10. The unstretched film (CS-
1)  is  essentially  amorphous  with  few  crystallites  and  rigid
amorphous chains.  The film exhibits  super-tough behavior  but
the strength and stiffness are extremely low. Uniaxial stretching
provides a strong extensional stress to induce the orientation of
PGA  molecular  chains  and  the  formation  of  rigid  amorphous
chains,  which construct  a  strong entanglement  network in  the
amorphous  regions.  As  SR  increases,  the  CS  films  show  more
significant  strain  hardening  and  substantial  increase  in  tensile
strength.  Meanwhile,  no  stress-induced  crystallization  occurs
during  stretching.  The  films  possess  good  ductility  due  to  the
good  mobility  of  the  amorphous  chains  and  lack  of  crystallite.
After annealing,  the formation of perfect PGA crystals  provides
more  reinforcement  elements,  efficiently  increasing  the
strength  and  stiffness  of  the  PGA  films.  However,  a  sharp
decrease in ductility is also observed because a large number of
mobile amorphous chains are arranged into the lattice and thus
destroying  chain  entanglement  network.  The  stretch-induced
ordered  structure  facilitates  the  maintenance  of  entanglement
network  and  the  improvement  of  ductility.  Compared  to  the
unstretched  film  (SA-1),  a  simultaneous  improvement  in
strength and ductility is achieved in SA-2 due to the reinforced
amorphous  chain  entanglement  network  and  crystalline
orientation.  At  high  SR,  the  films  possess  an  unexceptionable
strength  and  good  ductility  due  to  the  highly  oriented  PGA

crystals and RAF. In addition, the physical cross-linking effect of
the  PGA  crystals  could  restrict  the  deformation  of  the
amorphous  molecular  chains,  imparting  great  heat  resistance
and dimensional stability of the SA films.

CONCLUSIONS

Superior  strong  and  tough  PGA  films  were  made  by  applying
extension  stress  and  heat  treatment.  The  robust  amorphous
chain  entanglement  network  is  obtained  during  stretching
process  without  stress-induced  crystallization.  The  strength  of
stretched  CS  films  is  significantly  improved,  as  well  as  a  high-
toughness  behavior  is  achieved.  Annealing  process  promotes
the formation of oriented crystals in the stretched films, leading
to  a  further  substantial  increase  in  strength  and  stiffness.  The
stress-induced  ordered  structure  could  preserve  the  chain
entanglement network during annealing to a certain extent. The
tensile  strength and elongation at  break of  annealed SA-2 film
are 130 MPa and 220%, respectively, which are 130% and 900%
higher  than  those  of  SA-1  film.  The  tensile  strength  is  further
enhanced to an impressive 335 MPa for SA-4 film, which is more
than 5 times higher than that of the SA-1 film, owing to the rigid
structure including highly oriented crystals and RAF. Meanwhile,
SA-4 film features good ductility with an elongation at break of
66%.  Moreover,  the  oriented  PGA  crystals  endow  the  SA  films
with  excellent  heat  resistance  and  dimensional  stability.  The
cost-effective method proposed in this work paves the way for
possible large-scale preparation of high-performance PGA films
and wider range of applications for PGA materials.
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Fig. 10    Schematic representation of structural and property transmutation of PGA films with various SRs.
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