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Sample No. Annealing temperature /°C Annealing time /h
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Fig. 1 Schematic diagram of PGA rod slicing method and location of X-ray spot
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Fig. 3 2D wide angle X-ray scattering spectra of the PGA rod slice (a) annealed at 200 °C for 2 h and (b) its unannealed control sample
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Fig. 5 Change rates in grain size at crystal planes of (a) (110) and (b) (020); change rates of (c) average grain size of each crystal plane, (d)
average grain size change rate, (e) crystallinity change rate, and (f) micro-strain change rate as a function of annealing conditions
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Tab. 2 Change rate of crystallinity and grain size of the PGA rod slices before and after annealing

Change rate of

Change rate of

No. Temperature Time /h interplanar spacing at interplanar spacing at Crystallinity change
/°C (110) crystal plane (020) crystal plane rate AX. /%
Adioy % Adiozo) /%o
1 180 2 0.49 0.33 8.43
2 180 4 -0.03 0.00 -9.64
3 180 6 0.03 0.10 -11.39
4 190 2 -0.03 0.07 -8.22
5 190 4 0.05 0.10 0.11
6 190 6 -0.05 -0.10 -4.31
7 200 2 -0.54 -0.30 -7.66
8 200 4 0.00 0.13 -0.87
9 200 6 0.05 0.13 -5.63

Tab. 3 Change rates of average grain size and micro-strain of the PGA rod slices before and after annealing

Change rate of

Temperature grain size at (110)

Change rate of
grain size at

Change rate of

. Average hange
average grain size

Change rate of

No. /°C Time /h crystal plane (020) crystal of each crystal rgte of grain micro-strain
ADgio 1% plane 4D, /% plane AD.., /% size AD* /% Az %
1 180 2 -7.56 -8.00 -6.04 -7.20 19.80
2 180 4 5.49 2.34 27.7 11.8 85.1
3 180 6 5.45 0.62 42.8 16.3 99.1
4 190 2 4.55 5.71 -2.00 2.75 -22.0
5 190 4 1.05 3.38 -12.4 -2.66 -30.7
6 190 6 2.82 4.04 -4.61 0.75 -22.4
7 200 2 7.81 8.67 2.92 6.47 -23.9
8 200 4 2.82 4.02 -3.69 1.05 -19.2
9 200 6 -10.64 -9.26 -24.0 -14.6 -59.6
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Tab. 4 Analysis of variance for response values of micro-strain change rates of PGA rod slices

Sum of

Mean Square

Source squares (SST) df (MSE) F-value p-value
Model 23159.03 5 4631.81 21.72 0.0146 significant
A (Temperature) 15677.48 1 15677.48 73.51 0.0033
B (Time) 311.04 1 311.04 1.46 0.3137
AB 3306.25 1 3306.25 15.5 0.0292
A 3514.01 1 3514.01 16.48 0.027
B 350.24 1 350.24 1.64 0.2901
Residual 639.82 3 213.27
Cor total 23798.85 8
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Fig. 8 2D small-angle X-ray scattering spectra of the PGA rod slice (a) annealed at 200 °C for 2 h and (b) its

unannealed control
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T (Ae), [RIE FH F iR RS AR A BB GT , T il
LA AR A ek /N, B DAOBUE 43 331 +1, + 1, +
LAI—1. A4 KREACHY RSB i 258,
FAEIA H A5 R B KB B2 10, 550718 B L

{H 25 18 B Bt kL R A2 A R N g T A — 2
AN R E, B F A o RO AR R A
K BET SIGET FR 5 = L3 A s RO 224 & 1) -1 2
(EAE 91 2o diohn RT AR A 2, SR 5 S8 57 H AR R

P, P2 SR R AR A 2 (AD) A H s b8 B T 5
AR 10)AIH(11)

AD = (ADuio+ ADayy+ AD,,)/3 (10)

= [N(AD)-N(AS)]*20 (11)

H br o éﬁFlﬁquEﬁﬂmfﬁﬂﬂﬂéﬁﬁuFlgﬁﬁm
H A5 B0 F A H B bR 5 F B p 5 20 104 0.0329
A10.0125, R4 51 4 0.6795 F110.9758 , 1ij 5 hy £ M 5
B, JaaE NVU R OT RS, AT WL B A R A AR LA
SR, IS A T T AT . (H AR, TE
W H AR SR P8 2 H AR R, )N WAXS #4E R
B RIE IR KA A sl R B TE], B 200 °C/2 he
23 IMNAXSHEERMET R

[ LA 200 °CIB K 2 h (264 ] 5 3B K R fe



Tab. 5 Change rates of long period size of PGA rod slices before and after annealing calculated based on 1D SAXS spectra

Long period size before

Long period size after Change rates of long period

No. Temperature /°C Time /h annealing L,/nm annealing L, /nm size AL /%
1 180 2 12.46 12.10 -2.85
2 180 4 12.30 11.95 -2.89
3 180 6 12.23 11.95 -2.24
4 190 2 12.08 11.98 -0.88
5 190 4 12.05 11.95 -0.90
6 190 6 12.16 11.83 -2.78
7 200 2 12.27 11.95 -2.65
8 200 4 12.13 12.08 -0.42
9 200 6 12.23 12.18 -0.41

Tab. 6 Change rates of lamellar thickness, amorphous layer thickness, and long period size of PGA rod slices before and

after annealing calculated by correlation function

Change rates of lamellar

Change rates of amorphous Change rates of long period

No. Temperature /°C Time/h thickness AL./% thickness AL, /% size AL /%
1 180 2 1.12 -5.01 2.68
2 180 4 130 -0.83 0.00
3 180 6 2.04 421 -1.83
4 190 2 -1.15 0.79 0.00
5 190 4 3.04 3.37 0.92
6 190 6 1.72 4.10 -1.85
7 200 2 4.60 2.90 0.00
8 200 4 5.17 6.16 -1.83
9 200 6 1.56 4.04 -1.85

AU 1 = 4 /N i XS 42 B S 0 Fig.8 T o

FH Fig.8 1] ., PGA ¥4 1] F iR K if J5 3597 BH S5 1 L

], FLiZ sk AF IR K G MG 5 o B B B AR K, 3 [A) A

F R ol JE BRI ol 6 s 55 5 IR 38 36 ()36 i 1T
T BEANRE i 38 A, RSOk 45 5 o

9 IR 30V [ HEAT AR 70 43 Hr =, BR 40 45 SR 0 Fig.9 A

Tab.5 . HAKEIARSH @) EA X (12)

27

L=y (12)

FA g4k /N X R R B i 0 A 1R R
VN

X Tab.5 A —4E /N A X5 28 B B 1 5 B

15K B W R ST AR SR (AL HEAT 5 250 01, R AL

IR p (R 0.2547>>0.05 , % BZ B Sk 5 5

JE A5 At TR R R M K, TEVE B T b A
DR, o — 4k SAXS Hi k47 T 3k — 25 (1 kb 3, R FH
Matlab H 4w F2 7 THE T & 4% 5l 1A D% B 2 K (2) R
AR E(Q), 1A =X (13)"
_ Ji(g)cos(gz)dg _ Jil(g)cos(gz)dg

0 [i1(q)dgq

K(z)

(13)

[, KB R SH (L)t AT H A SR B B 5 — A

R R Ve AL A7 BB o J2 T (L) VU T o ) 2 11

A 28 R 2 OFH G bR B AR A P /K D 22 i 43

e [ Ay LA (14) R 2 (15) T R TR (L)
FNEE 5 (X

L=L—L. (14)
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Unannealed control sample 0.2

- - - Annealed at 200 C for 2 h

Unannealed Control Sample
—-—-Annealed at 200 C for 2 h

0 20 40 60 80 100

Intensity(a.u.)

Fig. 10 One dimensional electron density correlation function
curves of the PGA rod slice annealed at 200 °C for 2 h and
its unannealed control sample and schematic diagram of its
analysis method

0.2 I 014 I 0.6 l OI.8I i
g/nm’ F| FH Design Expert #X £ %} Tab.6  Tab.7 H1 i iz
Fig. 9 1D small-angle X-ray scattering spectra of PGA rod slices BEAT I N T M, KILAE S B EE KB B R SF R &G

annealed at 200 °C for 2 h and its unannealed control

sample (integral range of azimuth of 100°~130°) EIEEI E EI':J §E4{$i@ y‘j Eﬁ i) ﬂl‘x% ’ ﬁ\: ':F‘ Ju/i)% /ﬁﬁ Rﬂ_ aJ U\

Tab. 7 Change rates of scattering invariant and crystallinity of PGA rod slices before and after annealing
calculated by correlation function

o . Change rates of scattering Change rates of crystallinity
No. Temperature /°C Time /h invariant AQ /% AX. /%
1 180 2 11.75 3.90
2 180 4 30.74 1.30
3 180 6 26.59 3.95
4 190 2 74.03 -1.15
5 190 4 32.88 4.00
6 190 6 32.41 3.64
7 200 2 106.31 4.60
8 200 4 21.37 7.14
9 200 6 54.88 3.48
(@) 5 it ‘ 7 ‘,\'\\,\‘ ()L, gy i Mg T T
4 1 100, | | L
2' T 80.
81 2 Q!
\u g) v
j P 20%
%0, 0.

4 190 4
B:t/h A:t/C B:t/h
2 180185 B 2 180

190
185

Fig. 11 Response surfaces of change rates of (a) lamellar thickness and (b) scattering invariant
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WNEAR T B AL, 1T i 2 5 AT U AN AE )
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B BARERE s PR

Unannealed control sample
- = = Annealed at 200 C for 2 h

0 60 120 180
Azimuth/(°)

Fig. 12 Relationship between SAXS signal intensity and azimuth of
PGA rod slices annealed at 200 °C for 2 h and its
unannealed control sample (integral range of ¢: 0.50~0.54)

i 2 V5 730 A e RIS AN AR B A 26 (1 1) S T
AT 20 Fig 11 s H Fig 11 ] W, 5 2 5 R S
VRS ) 243 1 1 B, LR P 04 52 W 4 R T ) 5
Wi 2 F5E 5 WIS AN A0 B 5 R i 5 o P AR L R P S
RFR, FA R T J , P4 B R FH )02 R R A
KA QQFD , KL 26474 200 °C/2 he

HH Fig.8 7] WL, % A7 76 B S i), [R] 625 pE
i 53 M — 5 J7 6 A AN g (LY TR A 5 1 e U v Bk
S B R AE LA R AR AL . Fig12 IR KT R
SAXS {5 55 5 7700 1 IR 0% R I, 2 06 vy B 45 R A1)

F Tab.8 4.

X} Tab.8 H U w5 B8 AR A0 F 04T 75 22 0 b R
A% BB p (B AR, 0 0.3210>>0.05, 1R 22
B, PLA MR 2, W RE 2 4a 55 5 o 2R HAth R 2R

VR . DR, BT A T SR AR A ZE (RROAE N
HFE bR DA RAE B IR FE B o A5 5 5 AH X il 2
(RRD WTHE 15 E S B 2 (R KB 5 B /IMA
REME S5ETREFIEME. 720k,
5 0 AR B ZE L A p (B 0.0715 , BH B 47
T U v B AR R AR p A AHATI KT 0.05, A EL
KiRZE . BLAb, (55 50 AE X B 22 458 B 3R A7 7E (1) 7]
5 P v TE AR R AR, BT RE S S S R
RN B 22 728 A4 22 350 S 3R I AR, BRI DAt R AIE HL
I B2 P U) 3R B OR K S5 B R JE AR K. R itk
55 R AR AR Z2E A B A R R I p E R
/N ANR 0.0272<0.05 5 6B DA 5 5 P AR X A 22 RAE
R B ) B A A 2 57 U P R i 5 R R v B )
FEFE AL RN

24 ZEDMIERNEH

TR ARVNMBR R 2, BRI R %,
HL/N iy v SR AE B 2 B 1 2 AR AR AL U A p
TR, TR I 23 3l SR FH E T 1 500 T 43 0 7 A 7 A
RANAE , BN A B B e g s AR R A
FE 5 5 5 W 22 A8 Ak Z 0L (8 4 A H A ok 5 P

Tab. 8 Change rates of FWHM and relative range of signal intensity of PGA rod slices before and after annealing

Change rates of relative range of

No. Temperature /°C Time /h Change rates of AFWHM /% signal intensity ARR/%
1 180 2 10.13 87.05
2 180 4 -4.26 68.86
3 180 6 -1.12 107.27
4 190 2 -2.04 53.92
5 190 4 -2.13 48.77
6 190 6 -3.19 17.56
7 200 2 -3.19 28.01
8 200 4 3.30 25.70
9 200 6 -6.45 53.21
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1 190A't/°C
2180 ’

Fig. 13 Response surfaces of (a) objective function F; and (b) objective function F,

Tab. 9 Fitted values of micro-strain change rates, FWHM change rates, change rates of relative range of signal intensity,

objective function F; and objective function F,

Fitted values Fitted value

Fitted values

Fitted values  Fitted values

e Temperature /°C Time /h ofc;r;ilfl:;(;-:;zisn scl(q):nzz/r[:\ei of changgates fou?c etf:r:/; ﬁ?:i ZC(:LV; of obj.ecti/v\e of obj.ecti/v\e

A% AFTE 1% of RR ARR, /% function F; function F
1 180 2 27.650 4.013 79.017 0.225 0.252 0.165 0.192
2 180 4 76.833 1.952 80.527 0.203 0.085 0.274 0.156
3 180 6 99.550 -0.109 82.037 0.264 0.000 0.384 0.120
4 190 2 -36.632 2.165 52.974 0.544 0.690 0.443 0.589
5 190 4 -16.199 0.104 54.484 0.612 0.612 0.553 0.553
6 190 6 -22.232 -1.957 55.994 0.763 0.618 0.662 0.516
7 200 2 -17.081 0.316 26.931 0.601 0.865 0.721 0.985
8 200 4 -25.398 -1.745 28.441 0.759 0.877 0.831 0.949
9 200 6 -60.181 -3.806 29.951 1.000 0.973 0.940 0913

Fu, DU BERAEIR KRR, FHRARIEIR K 5. i
i B8 AR ARG 5 R FE R 2 R R G T R, DA
K B bR R F A F TR A R (16~19)

AFWHM = - 0.9944—1.85%4 - 2.61*B  (16)
ARR, = 54.48—26.04*4+1.51%B (17)
Fy = [(1=N8) (1~ NQFWEM))2  (18)
Fi = [(1—Ne)+(1—N@ARR)2  (19)

SRJE , BT E AR B F AN FL 34T R N THT 2R

T, IRAGAH LA A A, 45 2R W, Tab.9 #1 Fig.13, H br ik
A S 77 FEan 020)F1=(21)

Fi=0.5525+0.2782%4+0.1093*B (20)

F\ = 0.5525+0.3963*4—0.0362*B 1)

Ji ZE5r MR B, B b iR B F A FL R p (i 53

71250.0016 #10.0003 , R 5351 4 0.8841 F10.9311.
BRI L, SR A 5 o B R 6 A 22 A8 40 26 1) B s R 2L
FoA & SO0 TR P 55 1 H AR R P TIAE
H 5 R 25 F IR A A B2 i B2 TS T 1) p 4B 23 )
H0.0001 10.4434, 454 Fig 13 A1) A WL, i5
1) 5 ) I 3 v 1 UE) () Sz, L (R SR 56 2% 4R Y0
P it JEE R vy 5 AR K R BT, 17T P TE] A e T 2 %
1B KA 7 A WS BN R 5

g5 b AE SIS 2R IYE Bl Y, A I )R K SR AR
200 °CiB“K 2 ho {HZ5 B FIA SR H 1) 2 AR /N
Bt V) v o T PGA A% B Gt SR , LI TR AHIE K
SR B R AN SR 3 TR I S B A o A P e A 3
A7 18 Kb BRI RT3 4 2 R K T, B S Bl oK AR
e 46419 200 °CiB K 2~4 h.
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Optimization of Annealing Conditions of Poly(glycolic acid) Extruded Rods
Based on X-ray Scattering Through Synchrotron Radiation Light Source

Jiawei Luo, Bing Zhou, James H. Wang, Yuchuan Tian, Mingming Chen, Yongfeng Hu
(Sinopec Shanghai Research Institute of Petrochemical Technology Co., Ltd., Shanghai 201208, China)

ABSTRACT: Slices of poly(glycolic acid) (PGA) extruded rods were characterized by wide angle X- ray
scattering (WAXS) and small angle X-ray scattering (SAXS) using a synchrotron radiation light source, and the
optimal annealing conditions of PGA rods after extrusion were studied to eliminate internal stress and improve the
subsequent machinability of the rods. The WAXS results indicate that high temperature is more advantageous to
the reduction of micro- strain, but the crystal grain size decreases with increasing annealing time at higher
temperatures. The SAXS results indicate that high temperature is more conducive to decreasing the degree of
orientation, and the effects of annealing time on the degree of orientation is significantly weaker than that of
annealing temperature. The objective functions were established by integrating various data and analyzed through
Response Surface Methodology. The results show that the optimal annealing conditions for PGA rods within the
range of the experimental conditions studied are annealing at 200 °C for 2 h.

Keywords: polyglycolic acid; annealing; synchrotron radiation light source; X-ray scattering; response surface

methodology



