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Abstract   Poly(glycolic  acid)  is  a  biocompatible  as  well  as  biocomposable  polymer  with  superior  mechanical  and  barrier  properties  and,

consequently,  has  found  important  applications  in  both  medical  and  packaging  fields.  However,  the  high  hydrolysis  rate  in  a  high  humidity

environment restricts its application. In this work, a solid-state drawing process after melt extrusion is applied in order to produce fibrous PGA

with enhanced mechanical properties and a much better resistance towards hydrolysis. The crystal structure of PGA gradually transformed from

spherulites into oriented fibrous crystals in the stretching direction upon solid-state drawing. Meanwhile, both the length of microfibril and the

size of lamellae increased initially with the drawing ratio (DR), while the chain-folded lamellae transformed into extended-chain fibrils at high(er)

DR. The oriented structures lead to an overall improvement of the mechanical properties of PGA, e.g., the tensile strength increased from 62.0±1.4

MPa to 910±54 MPa and the elongation at break increased from around 7% to 50%. Meanwhile, the heat capacity of totally mobile amorphous

PGA (ΔCp
0=0.64 J∙g−1∙°C−1) was reported for the first time, which was used to analyze the content of mobile amorphous fraction (XMAF) and rigid

amorphous  fraction  (XRAF).  Both  the  oriented  chain-folded  lamellae  crystals  and  the  tightly  arranged  RAF  are  beneficial  to  prevent  water

molecules  from  penetrating  the  matrix,  thus  improving  the  resistance  towards  hydrolysis.  As  a  consequence,  the  fibrous  PGA  with  a  DR  of  5

showed a tensile strength retention rate of 17.3% higher in comparison with the undrawn sample after 7-days accelerated hydrolysis. Therefore,

this work provides a feasible method to improve the mechanical and resistance towards hydrolysis performance of PGA, which may broaden its

application and prolong the shelf-life of PGA products.
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INTRODUCTION

The  biodegradable  polymer,  poly(glycolic  acid)  (PGA)  has  the
simplest  chemical  structure  in  the  linear  polyester  family,  and
possesses  many  advantageous  properties,  such  as  a  high
mechanical strength and gas barrier property.[1] The unit cell of
PGA  belongs  to  orthorhombic  system  (a=5.22  Å, b=6.19  Å,
c=7.02  Å),[2] and  two  PGA  molecular  chains  in  plane  zig-zag
conformation are arranged in a unit cell,  where each chain has
two  glycolic  acid  units.  It  was  found  that  the  C(O)―O  bond
length of PGA is smaller and O―C(O)―CH2 bond angle is larger
than  those  of  other  polyesters,  indicating  that  the  molecular
chain  and  the  ester  groups  could  arrange  much  closer  in  the
lattice.  As  a  consequence,  PGA  exhibits  excellent  mechanical
properties and gas barrier properties, also high(er) melting point

(~230  °C),  but  the  drawback  is  a  high  density  (~1.58  g·cm−3).
These  characteristics  have  enabled  PGA  to  be  favored  in
applications  such  as  oil  extraction  fracturing  plugs  and  barrier
packaging materials.[3]

The  most  important  application  of  PGA  is  in  the  biomedi-
cal field due to its excellent biocompatibility and biodegrada-
bility,  and  PGA  is  actually  the  first  biodegradable  man-made
polymer used in the biomedical industry.[1] However,  the ap-
plication of  PGA serving as  packaging materials  has  become
more and more  popular  since  large-scale  production of  PGA
with low(er) cost was commercialized by Kureha company in
USA and Pujing company in China. For medical application, a
long(er)  shelf-life of, e.g.,  suture,  is  needed. However,  the de-
gradation  of  PGA  due  to  hydrolysis  is  too  fast  to  guarantee
the quality  of  commercial  products  even during storage.  For
example, the Mn of PGA decreased from 3×104 to 5×103 after
three  days  in  a  buffer  solution  at  37  °C,  and  the  mass  loss
about 60% after 24 days.[4] Therefore, improving the shelf-life
of  PGA, e.g.,  the  hydrolysis  resistance,  is  of  importance  to
broaden its application.

To  improve  the  hydrolysis  resistance  of  polymeric  materi-
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als,  many methods have been reported.  One simple method
is to directly incorporate the hydrolytic stabilizers, such as car-
bodiimides and oxazolines,[5,6] or non-hydrolysis components
to  improve  the  structural  stability  and  hydrolysis  behavior.[7]

Besides,  adjusting  the  chemical  structure  composition  can
also enhance the hydrolysis resistance.[8,9] For example, it was
found  that  the  hydrolysis  resistance  of  poly(lactic-co-glycolic
acid)  (PLGA) could be improved due to the regulation of  the
composition and structure.[10] Similar methods such as incor-
porating  the  hydrophobic  segments  into  the  polymer
chains[11] or designing hydrophobic surfaces were also repor-
ted.[12]

Usually,  the  hydrolytic  stabilizer  increases  the  cost  price
and therefore, it will be interesting to improve the stability of
polymeric materials by adjusting only the processing techno-
logy  or  performing  pre/post  treatment  where  the  physical
structures, e.g.,  crystalline  and  amorphous  structure  can  be
well tuned.[13−15] Recently, it has been reported that the crys-
talline structure of PGA suture was adjusted by annealing un-
der  axial  stress  leading  to  thicker  and  ordered  lamellae.[16]

Consequently, the strength of the PGA suture was increased,
and  the  ingress  of  water  molecules  was  hindered  by  regu-
lated  crystalline  structures  resulting  in  better  hydrolysis  sta-
bility. Besides crystalline structure, the amorphous region not-
ably the rigid amorphous fraction (RAF) would also affect the
properties of materials.[17,18] RAF is an oriented amorphous re-
gion  with  higher  stiffness  and Tg in  comparison  with  com-
pletely mobile amorphous fraction (MAF). Such RAF has been
identified by using solid-state 1H-NMR spectroscopy in highly
stretched PGA. After stretching, the PGA crystals show an an-
isotropy mechanical  property due to the orientation of  poly-
mer chains in the stretching direction (SD). The crystal modu-
lus  in  the  stretching  direction  was  reported  to  be  as  high  as
300  GPa,  while  the  longitudinal  shear  modulus  was  only  6
GPa.[19,20] Interestingly, it was found that the formation of RAF
in  PLA  films  after  biaxially  stretching  could  obviously  hinder
water  molecular  diffusion,[21] indicating  that  it  might  be  a
new way to improve the hydrolysis resistance of PGA by con-
trolling the RAF formation and the crystalline morphology.

Herein,  a  versatile  solid-state  drawing  route  after  melt  ex-
trusion was adopted in this work, aiming to make fibrous PGA
with high tensile strength and hydrolysis resistance by tailor-
ing the crystalline and amorphous structures simultaneously.
Moreover,  the  evolution  in  the  condensed  and  orientated
structure  in  both  amorphous  and  crystalline  regions  during
the solid-state drawing was studied, and its effect on the hy-
drolysis  of  fibrous  PGA  was  correlated.  Therefore,  this  work
provides a simple method to achieve superior tensile strength
and hydrolysis resistance of PGA materials, which may enable
a  longer  shelf-life  of  PGA  commodity  products  and  broaden
their application range.

EXPERIMENTAL

Materials
PGA (Mn=1.5 × 105 g/mol and Mw/Mn=1.3) in the form of pellets
was  supplied  by  Shanghai  Pujing  Chemical  Industry  Co.,  Ltd.,
China. The solvent hexafluoroisopropanol (HFIP) (Sigma-Aldrich)
were used as received.

Sample Preparation
PGA  pellets  were  dried  at  80  °C  under  vacuum  oven  for  12  h
before use. Haake extruder (Rheomex PTW, Germany) was used
for  fibrous  PGA  preparation.  The  temperature  control  of  the
extruder was set around 230 °C and the screw speed was set as
50  r/min.  The  extrudates  were  quenched  by  using  cold  water
bath  and  further  drawn  at  an  elevated  temperature  (around
50 °C) in air to make thin fibrous PGA up to 100 μm. The sample
with  a  drawing  ratio  (DR)  of x is  marked  as  DR-x and  the
extrudate without drawing was marked as DR-0.

Characterization

Small /wide angle X-ray scattering (SAXS, WAXS)
SAXS and WAXS tests on fibrous PGA were conducted on XEUSS
3.0  system,  France,  equipped  with  a  Copper  internal  source
(Genix3D)  that  produced  an  X-ray  beam  (λ=0.15418  nm)  with
energy  of  8  keV.  The  sample  to  detector  distance  in  the  SAXS
test  was  1800 mm,  and 60 mm for  WAXS test.  High resolution
mode  was  selected,  the  spot  size  was  0.8  mm  ×  0.5  mm.  The
exposure  time  was  600  s  for  both  the  SAXS  and  WAXS  tests.
LaB6 was used to calibrate the distance before experiment. The
data were processed with XSACT and Foxtrot software, and the
effects  of  background  scattering,  air  scattering  and  light
fluctuations were deducted in advance.  In  2D WAXS and SAXS
patterns, the horizontal direction is the stretching direction.

Long period: The electron density correlation function K(z)
was  applied  to  obtain  the  long  period  in  meridian  direction
(Lm), amorphous thickness (La) and crystalline thickness (Lc) by
the inverse Fourier transformation given as follows:

K (z) = ∫∞0 I (q) q2cos (qz)dq

∫∞0 I (q) q2dq
(1)

where z is the axis parallel to the stretching direction, and I(q) is
the intensity of 1D SAXS profile. The smaller value was assigned
as the average Lc, and the La can be calculated by La = Lm – Lc.

Orientation  parameter  (f):  The  orientation  parameter  of
PGA with different DRs was estimated from the value of Her-
man’s orientation function:[15]

f =
3(cos2φ)

hkl
− 1

2
(2)

cos2φ is an orientation factor defined as Eq. (3):

cos
2φ =

∫π/20 I (φ) cos2φsinφdφ

∫π/20 I (φ) sinφdφ
(3)

where φ is the azimuthal angle and I(φ) is the scattered intensity
along azimuthal angle. I(φ)  was analyzed at the (110) reflection
of PGA.

Mechanical properties
Mechanical  properties  of  fibrous  PGA  were  measured  at
ambient  temperature  using  a  universal  tester  (Instron  5967,
USA) according to G/BT 529-2008 at a crosshead speed of 50 mm/
min.  Five  specimens  of  each  sample  were  examined  and  the
averaged values were presented.

Accelerated hydrolysis aging test
The  accelerated  hydrolysis  aging  test  on  fibrous  PGA  was
conducted in 40 °C and 80% humidity. The aged samples were
taken out at an interval of 1,  3,  5,  and 7 days,  respectively,  and
dried  for  1  week  using  a  freeze  dryer  to  remove  the  residual
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moisture for the subsequent characterization.

Temperature-modulated differential scanning calorimetry
(TMDSC)
DSC  (NETZSCH  204  F1,  Germany)  was  used  for  both  standard
DSC  and  TMDSC  analysis.  Around  5  mg  of  each  sample  was
heated  from  0  °C  to  260  °C  at  10  °C/min  under  nitrogen
atmosphere.  In particular,  for  the analysis  of  melting point and
crystallinity of the aged samples,  the above thermal procedure
was followed by cooling down to 0 °C and reheating to 260 °C at
10  °C/min.  For  TMDSC  tests,  a  heating  rate  of 3  °C/min,  an
oscillation  period  of  60  s  and  a  temperature  modulation
amplitude of  ±0.5  °C  were applied.  The calculation procedures
of  crystallinity  (Xc),  the  content  of  mobile  amorphous  fraction
(XMAF),  and  the  content  of  rigid  amorphous  fraction  (XRAF)  are
shown in Eqs. (4)−(6):

Xc = ΔHm/ΔH0
m × 100% (4)

XMAF = ΔCp/ΔC0
p (5)

1 = Xc + XMAF + XRAF (6)
ΔH0

mwhere ΔHm is the enthalpy of melting of the sample, and  is
the enthalpy of melting for 100% crystalline PGA (135.0 J/g).[22]

ΔCp is the reversible heat capacity increase in glass region. ΔCp
0

is the heat capacity for totally mobile amorphous PGA, which is
calculated as 0.64 J∙g−1∙°C−1, and is the first time reported in this
work.

Fourier transform infrared spectroscopy (FTIR)
The  chemical  structure  of  accelerated  aged  PGA  samples  was
identified  by  FTIR  (Nicolet  6700,  Thermo  Fisher  Scientific,  USA)
with  an  attenuated  total  reflection  (ATR)  mold.  32  scans  were
performed  for  each  sample  at  a  resolution  of  4  cm−1 over  a
range of 500−4000 cm−1.

Intrinsic viscosity measurement
The  PGA/HFIP  solutions  of  accelerated  aged  samples  were
prepared  with  a  concentration  of  0.1  g/dL,  and  the  intrinsic
viscosity  of  the  samples  was  measured  in  Ubbelohde
viscometer  at  25  °C  using  the  one-point  method  according  to
Eqs. (7) and (8): [η] = [2 (ηsp − lnηr)]1/2/C (7)

ηsp = ηr − 1 (8)

where ηr is  the  relative  viscosity,  which  is  calculated  from  the

ratio  of  the  outflow  time t of  the  PGA/HFIP  solution  and  the
outflow time t0 of  the pure solvent. ηsp is  the specific  viscosity,
and C is the concentration of the PGA/HFIP solution.

RESULTS AND DISCUSSION

Effect of Solid-state Drawing on the Mechanical
Properties of Fibrous PGA
The  stress-strain  curves  and  corresponding  tensile  strength  of
solid-state  drawing  fibrous  PGA  with  different  drawing  ratios
(DRs)  are  shown  in Fig.  1.  The  tensile  strength  of  DR-0  is  only
62.0±1.4  MPa.  However,  after  solid-state  drawing,  the  tensile
strength  is  significantly  increased  to  340±30,  420±30  and
910±54  MPa  for  DR-3,  DR-5  and  DR-7,  respectively, i.e.,  the
tensile strength was increased by around 1400% after drawn 7
times.  Meanwhile,  solid-state  drawing  fibrous  PGA  possesses
superior  tensile  toughness  with  an  elongation  at  break  of
20%−50% in comparison with DR-0 of below 10%. The effect of
solid-state  drawing  on  the  tensile  strength  of  fibrous  PGA  is
related  to  the  evolution  of  the  amorphous  and  crystalline
structure, and it will be discussed in The Evolution of Crystalline
Structure of Fibrous PGA upon Solid-state Drawing.

The Evolution of Crystalline Structure of Fibrous PGA
upon Solid-state Drawing
In order to monitor the evolution of the crystalline structure of
PGA upon solid-state drawing, WAXS and SAXS were applied to
characterize  fibrous  PGA  with  different  DRs.  The  2D  WAXS
patterns are shown in Fig. 2(a), and the stretching direction has
been marked with a black arrow.

Two obvious scattering rings are observed in the 2D WAXS
pattern of DR-0, which are correspond to the scattering peaks
of  (110)  crystal  plane  (2θ=22.2°)  and  (020)  crystal  plane
(2θ=28.7°) of PGA,[1] respectively. The intensity distribution of
DR-0 is uniform in the azimuth range of 0°−360°. As the DR in-
creases,  the  PGA  crystals  becomes  better  orientated.  Firstly,
the  scattering  rings  of  fibrous  PGA  become  diffuse  with  the
DR  increasing  from  0  to  3,  and  then  obvious  scattering  arcs
appear  in  the WAXS pattern of  DR-5 with the intensity  focus
towards  equator.  When the drawing ratio  increases  to  7,  the
scattering  arcs  transform  to  concentrated  points,  indicating
that the PGA crystals have highly orientated in the stretching
direction.
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Fig. 1    (a) Stress-strain curves and (b) tensile strength of fibrous PGA with different DRs.
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Fig.  2(b)  shows  the  2D  SAXS  patterns  of  fibrous  PGA  with
different  DRs  (more  patterns  are  available  in  Fig.  S1  in  the
electronic supplementary information, ESI). The SAXS pattern
of the DR-0 sample is elliptic iso-intensity contour shaped due
to  the  initial  non-oriented  spherulites.  As  the  DR  increases,
the orientation of the lamellae in the stretching direction be-
came obvious, and microfibril structure was formed at the DR
of 3, as indicated by the streak signal in the equator.[23] Inter-
estingly,  two obvious lobule-shaped scattering signals  in the
case  of  DR-5  appear  on  both  sides  of  the  beam  stop  over  a
large azimuthal angle range, confirming the formation of ori-
ented  chain-folded  lamellar  structure  (i.e.,  kebab  crystals).
Subsequently,  the  lobule-shaped  signal  attributes  to  the
chain-folded  lamellae  disappears  and  only  the  sharp  streak
signal  in  the  equator  can  be  seen  when  the  DR  further  in-
creases to 7, which is probably due to the scattering of exten-
ded-chain fibrils.

To  summarize,  the  crystals  of  fibrous  PGA  gradually
changed  from  non-oriented  spherulites  to  fibrous  crystals
structure  (or  the  term  “shish-kebab”  used  in  other  studies)
with  increasing  the  DR  up  to  a  mediate  value  of  such  as  5,
while  the  lamellae  crystals  could  transform  into  extended-
chain fibrils at higher DRs.

1D  WAXS  azimuthal  integrated  intensity  curves  of  (110)
plane  are  illustrated  in Fig.  3(a),  showing  two  crystal  plane
peaks  of  the  fibrous  PGA  located  at  90°  and  270°.  As  DR  in-
creases, the peaks became narrower and sharper, indicating a
stronger orientation of  PGA crystals  along the stretching dir-
ection. The orientation parameter (f) can be calculated by fit-
ting the azimuthal integral intensity distribution curve of the
2D WAXS pattern via Eqs. (2) and (3). The changes of f with DR
are shown in Fig. 3(b). Apparently, DR-0 has almost no orient-
ation structure  (f=0.09),  while  the f significantly  increases  up
to 0.646 as the DR increases to 7.  By solid-state drawing,  the
crystals  are  oriented  in  the  stretching  direction,  compared
with the crystals with low orientation, the tensile strength of
fibrous PGA can be highly improved.

In order to obtain the periodic information of the lamellae
arrangement in the stretching direction, the 1D scattering in-

tensity  distribution  curves  were  obtained  by  integrating  the
2D SAXS patterns and Lorentz corrected, as shown in Fig. 3(c).
Long period in the meridian direction (Lm),  amorphous thick-
ness  (La)  and  crystalline  thickness  (Lc)  were  calculated  by  Eq.
(1), the method and results are shown in Fig. 3(c).

When the DR is larger than 3, the Lm decreases with increas-
ing the DR. This phenomenon refers to a slipping of lamellae
stacks  during  stretching  accompanied  by  lamellae  bending,
which may cause the reduction of long period and the forma-
tion of microfibril structure in the stretching direction.[24] Fur-
ther increasing DR from 3 to 5, the lamellae crystals grow on
the  microfibril  leading  to  an  increase  in Lc,  which  is  consist
with  the  variation  of  the  2D  SAXS  patterns.  With  the  further
increase of DR, strain-induced fragmentation-recrystallization
may  happen  in  the  chain-folded  lamellae,[25] and  gradually
break  and  rearrange  into  extended-chain  fibrils  at  a  high(er)
drawing ratio, which leads to a decrease in Lc. Fragmentation-
recrystallization  is  a  process  in  which  the  folded  chains  of
lamellae break and rearrange under tensile stress, also known
“local  melt-recrystallization”.  The  stretching  above Tg reduce
the  nucleation  barrier via formation  of  locally  ordered  struc-
tures  and  consequently  induces  secondary  crystallization,
thus the Lm and La decreases as well  with the DRs.[26] That is,
the  structural  evolution  of  the  original  non-oriented  crystals
was  accompanied  by  the  generation  of  new  crystals  during
the solid-state drawing process.

The  intensity  and  dimension  changes  of  chain-folded
lamellae  and  microfibril  structure  during  solid-state  drawing
were  calculated  to  further  study  the  strain-induced  lamellae
structure transformation. Firstly, the relative scattering inten-
sity  of  the  lamellae  crystal  (Ilamellae)  and  the  lateral  size  of
lamellae (Llateral) are calculated by using an integration meth-
od (Fig.  S3 in ESI),  as shown in Fig.  4(a) and Fig.  4(b),  respec-
tively.  The Ilamellae increases  with  DR  up  to  5,  and  then  de-
creases  dramatically.  At  the  early  stage,  the  isotropic  PGA
lamellae  stacks  undergo  slipping  up  on  stretching,  resulting
in  lamellae  crystals  with  a  certain  extent  of  orientation.  The
lamellae  crystals  grow  subsequently  with  further  increasing
the DR as evidenced by the increase of both Ilamellae and Llateral

DR-0 DR-3 DR-5 DR-7

DR-0 DR-3 DR-5 DR-7

a

b

Stretching direction

(110)

(020)

Fig. 2    2D WAXS (a) and SAXS (b) patterns of fibrous PGA with different DRs.
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due to the better folding of PGA chains in the stretching dir-
ection.  However,  the  chain-folded  lamellae  gradually  trans-
form into extended-chain microfibrils as confirmed by a drop
in  both Ilamellae and Llateral at  high  DRs  (e.g.,  DR=6−7),  due  to
the fragmentation-recrystallization in lamellae stacks and the
disentanglement of polymer chains.

The length of the microfibril (LMF) in the fibrous PGA is ob-
tained  by  Ruland’s  method.[27−29] Different q values  were
chosen to scan the scattering intensity in the azimuthal angle
range  of  0º  to  180º,  and  the  half-height  width  of  the  corres-
ponding  curves  is  marked  as Bobs.  The  relationship  between
Bobs, LMF, and the misorientation of microfibril (Bφ) can be de-
scribed by Eq. (9):

Bobs =
2�⟨LMF⟩q + Bφ (9)

On the basis of Eq. (9), LMF can be obtained from the slope
of the fitted line between Bobs and q−1. The specific fitting pro-
cess  is  shown  in Fig.  4(d).  The  change  of  the LMF with  DRs  is
shown in Fig. 4(c). Short microfibrils with an average length of
~38 nm firstly appears at the DR of 3. While the LMF increases
continuously with increasing the DR, and reaches around 213
nm with the DR up to 7.  Apparently,  the chain-folded lamel-
lae  gradually  transform  into  longer  and  extended  microfibril
structures at high(er)  drawing ratios,  which is  also consistent
with the above discussion on crystal structure evolution.

MAF to RAF Transition in Amorphous Region of
Fibrous PGA upon Solid-state Drawing
The  effect  of  solid-state  drawing  on  the  amorphous  region  of
PGA  was  further  studied  combining  with  a  three-phase  model
of  polymer  crystallization.[30] TMDSC  test  was  also  carried  out
on the samples with various DRs,  and the results  are shown in
Fig. 5(a). The heat capacity of fibrous PGA in the glass transition
region gradually decreases with the increase of DRs, but the Tg

increases. The calculation method of both the content of mobile
amorphous  fraction  (XMAF)  and  rigid  amorphous  fraction  (XRAF)
has been described in the experimental section, Eqs. (4)−(6), and
the  results  are  shown  in Fig.  5(b).  Since  the  standard  heat
capacity  for  completely  mobile  amorphous  PGA  (ΔCp

0)  is  not
known  yet,  it  is  calculated  and  reported  here  as  0.64  J·g−1·°C−1

for  the  first  time  according  to  the  Czerniecka-Kubicka
method,[31] also  see  detailed  calculation  in  Fig.  S2  in  ESI.  The
intersection of the fitted line and X axis (i.e., 135.4 J·g−1) is called
enthalpy of  fusion for  fully  crystalline of  PGA,  which is  close to
the reported value (i.e., 135.0 J·g−1) in literature by Nishino.[22]

Solid-state  drawing  above Tg can  promote  the  molecular
chain  orientation  and  reduce  nucleation  barrier,  therefore,
the  crystallinity Xc of  fibrous  PGA  gradually  increases  as  the
DR  increases.  As  a  result,  the  mobile  amorphous  fraction
(MAF) was consumed heavily and the XMAF decreases rapidly.
Meanwhile,  the  content  of  rigid  amorphous  region  (XRAF)  in-
creases during stretching. The RAF is an oriented amorphous
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region  between  the  crystalline  region  and  the  mobile
amorphous  region,  having  higher  stiffness  in  comparison
with  MAF.  The XRAF increases  with  DR  and  tends  to  stabilize
after the DR reaches 3, as shown in Fig. 5(b). It is known that, a
hydrolysis of polyesters usually starts from the amorphous re-
gion  and  is  closely  related  to  free  volume  which  affects  the
diffusion of  water  molecules,[32,33] i.e.,  the  larger  free  volume
the easier for water molecules to penetrate into the matrix to

break the ester bonds. Since both RAF and crystalline regions
are arranged tightly with smaller free volumes in comparison
with  MAF,  the  increase  in XRAF and  crystallinity  would  in-
crease the resistance of PGA to hydrolysis.

Effect of Solid-state Drawing on Hydrolysis Behavior
of Fibrous PGA
Based  on  the  above  discussion  on  structure  evolution,  the
sample  DR-5  with  the  strongest Ilamellae and  the  largest  lateral
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size was selected for accelerated aging experiment (40 °C, 80%
humidity)  with  the  DR-0  as  a  control  sample.  The  mechanical
properties  of  the  samples  are  recorded  as  a  function  of
accelerated aging time, as shown in Fig. 6. The variation trends
of  tensile  strength  are  almost  the  same  for  the  samples  DR-0
and DR-5, i.e., decreasing with aging time. The retention rate of
the  tensile  strength  was  further  analyzed  to  distinguish  the
differences  in  hydrolysis  between  the  DR-0  and  the  DR-5
samples, as shown in Fig. 6(b). Impressively, the retention rate of
the DR-5 sample is higher than that of the DR-0 sample during
the entire aging time span. After 5 days of aging, the retention
rate of tensile strength of the DR-5 sample is 50% in comparison
with  only  30%  of  the  DR-0  sample.  It  has  to  be  explained  that
the  initial  increase  in  both  tensile  strength  and  retention  rate,
e.g., after one day, is due to a cold crystallization under the aging
conditions  (Fig.  S5  in  ESI).  These  results  confirm  that  the  solid-
state  drawing  could  not  only  increase  the  mechanical
performance  of  PGA  but  also  could  improve  its  resistance  to
hydrolysis.

Hydrolysis  behavior  has  close  relationship  with  the
carboxyl index, intrinsic viscosity, melting point and crystallin-
ity of the hydrolyzed samples. FTIR was used first to character-
ize  the  chemical  structure  changes  of  the  DR-0  and  DR-5
samples  (Fig.  S7  in  ESI).  Hydrolysis  makes  short(er)  PGA
chains,  leading  to  an  obvious  increase  in  the  content  of  ter-
minal  carboxyl  groups  and  the  deterioration  of  mechanical
properties. Thus, carboxyl index (CI) calculated by the ratio of
I3290 to I2960 is  used  to  quantify  the  degree  of  polyester  de-
gradation,[34,35] where  the I3290 is  the  absorption  band  inten-
sity  at  3290  cm−1 (corresponding  to  O―H  stretching  vibra-
tion of the ―COOH group), and the I2960 is the internal stand-
ard  band  intensity  at  2960  cm−1 (corresponding  to  C―H
stretching vibration of the ―CH2―), as shown in Fig. 7(a). The
CI of both samples increases during aging due to the intrinsic
hydrolytic feature of PGA, but the CI of the DR-5 is much smal-
ler than DR-0 notably at the last stage, e.g., after 7 days the CI
of DR-5 is 0.32 in comparison with 0.99 of DR-0.  The intrinsic
viscosity  [η]  of  the  PGA  samples  was  applied  to  monitor  the
molecular weight change of PGA as a function of aging time,
as shown in Fig. 7(b). The [η] of both samples decreases with
time  due  to  the  hydrolysis  of  ester  groups  in  humid  condi-
tions.  However,  the  intrinsic  viscosity  of  the  DR-5  is  much

higher than that  of  the DR-0 at  varied time.  These results  in-
dicate that the intrinsic hydrolytic degradation of PGA in was
slowed down by the solid-state drawing.

Generally,  polymer  with  higher  molecular  weight  pos-
sesses higher melting point (Tm) and lower Xc.[36] The changes
of Tm and Xc of the PGA samples with aging time are shown in
Figs.  7(c)  and  7(d),  while  the  corresponding  DSC  curves  and
thermal parameters are shown in Fig. S6, Tables S4 and S5 (in
ESI). The Tm of the DR-0 sample drops from 224.4 °C to 216.7 °C
after  7  days,  but  the Tm of  the  DR-5  sample  remains  almost
constant until 3 days, and drops less than the DR-0 sample. In
the  meantime,  the Xc of  DR-0  and  DR-5  gradually  increases
with aging time due to the lower molecular  weight after  hy-
drolysis  and  better  crystallization  ability  of  the  short(er)
chains.  In addition,  the plasticizing effect  of  water  molecules
may  also  contribute  to  the  increase  of Xc by  reducing  the Tg

and  improving  the  crystallization  ability  of  the  molecules.[34]

After  7  days,  the Xc of  DR-0 increased by 17% in comparison
with 8% of DR-5. The variation in thermal parameters also in-
dicates a better resistance of PGA to hydrolysis after the solid-
state drawing, and consisting with the above chemical struc-
ture analysis.

Mechanism of Resistance towards Hydrolysis Assisted
by Solid-state Drawing
The mechanism of hydrolysis resistance from the perspective of
structure  evolution  of  the  crystalline  and  amorphous  regions
during  the  solid-state  drawing  is  schematically  illustrated  in
Fig. 8.  The crystalline region of PGA sample without drawing is
isotropic, and the amorphous region is dominated by MAF with
large(er) free volume (DR=0, Fig. 8a). The loose structure makes
water  molecules  easier  penetrate  into  the  PGA  matrix  in  a
humid environment, leading to a faster hydrolysis starting from
the  amorphous  region.  Based  on  above  discussion,  the
crystalline  regions  of  fibrous  PGA  become  oriented  in  the
stretching direction at a mediate drawing ratio, such as DR=3−5,
forming a periodically arranged fibrous crystals (Figs. 8b and 8c).
The  lateral  size  of  lamellae  increases  first  and  then  decreases
with  increasing  the  drawing  ratio,  while  the  average  length  of
fibrous  crystals  increases  monotonically.  Meanwhile,  more  and
more  tightly  arranged  RAF  with  less  free  volume  are  formed
accompanied  by  a  consumption  of  MAF  (Figs.  8b to 8c).
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Compared  with  isotropic  and  loose  crystal  structures  (DR-0),
the PGA matrix with fibrous crystals in combination with large(r)
XRAF is  more resistance to penetration of water molecules,  thus
better resistance to hydrolysis (Figs. 8b and 8c). At high drawing
ratios  such  as  DR=7,  the  crystalline  region  has  been  mainly
dominated  by  extended-chain  fibrils  structures  rather  than
chain-folded  lamellae  (Fig.  8d),  and  the  highly  oriented

structures  are  responsible  to  its  high  tensile  strength  and
modulus.

CONCLUSIONS

In  this  work,  solid-state  drawing  was  applied  to  make  fibrous
PGA  with  comprehensive  properties  such  as  superior  tensile
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strength (~1 GPa),  high toughness  (elongation at  break  >20%)
and  resistance  to  hydrolysis.  The  solid-state  drawing
constructed  oriented  fibrous  crystals  and  large(r) XRAF in  the
amorphous  region,  which  not  only  resulted  in  better
mechanical performance but also could improve the resistance
of  PGA  towards  hydrolysis  by  hindering  the  penetration  of
water molecules.  The transformation of structures of PGA from
isotropic  spherulites  to  fibrous  crystals  in  the  stretching
direction and an obvious increase in tightly arranged RAF were
well  monitored  by  using  SAXS  and  TMDSC.  The  relationships
between the performance and the structures are well corelated.
In addition, the heat capacity for totally mobile amorphous PGA
(ΔCp

0=0.64  J∙g−1∙°C−1)  is  the  first  time  reported.  Therefore,  this
work  provides  a  facile  method  to  improve  both  mechanical
properties  and  resistance  towards  hydrolysis  of  PGA  materials,
which may expand the application range of PGA in commodity
area.
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