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Effect of Molecular Weight on Structural Evolution
During the Tensile Process of Nylon 12
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Abstract: The structural evolution of nylon 12 resins with different molecular weights during uniaxial
stretching was tracked in real time using wide-angle X-ray diffraction (WAXD). The results indicate that
the nylon 12 resins initially exhibit y-crystals at the beginning of stretching. When the tensile strain (&)
reached 20%, the interplanar spacings d(;) perpendicular to the stretching direction and d g0, parallel to
the stretching direction began to decrease. When 30% < & < 50%, d(go1) and do20) decrease significantly and
sharply, respectively. When ¢ is 50%—60%, the d-values reach a trough region, and a weak diffraction of
the transitional phase " appears near the (001) plane, indicating that the original y crystal was destroyed.
When 60% < & < 80%, the " diffraction gradually weakens with increasing strain, while dgo1) and d(g20)
increase sharply, and the relative crystallinity by X-ray also increases rapidly with strain, indicating that
the o" phase is gradually destroyed or rearranged, replaced by a mesomorphous phase that progressively
adapts better to tensile stress. The low-molecular-weight resin exhibited higher crystallinity under the
same strain, and it caused the a" phase to appear and disappear earlier at lower strains of 50% and 80%,
respectively, indicating that the low-molecular-weight resin promotes structural evolution. At 90% strain,
the " phase completely disappeared, and stretching reached a steady state, with the molecular chains
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highly oriented along the stretching direction. Moreover, under the same strain, the d(go;) and d(o29) of the

low-molecular-weight resin are clearly higher and lower than those of the corresponding high-molecular-

weight resin, respectively, and the low-molecular-weight resin significantly promotes the variations of

d(oo1) and d o290y With tensile strain. The relative crystallinities of the high- and low-molecular-weight resins

increased by approximately 7.6% and 10% after stretching, respectively.
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Figure 1 One-dimensional SAXS fitting curves of nylon 12

with different molecular weights in its initial state
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2 RN AR e=90% I, JE IS 5 58 4 2k,
KW o DEPEM T AW R ME21°EL (K3 E
L H ) B U SN D E By AH R o T VR T R T
A A RT ST I . G e>100% 5, — 48K s+
fH AT AR 2 AN 07 1) b BT SHE Tt — P g, A
T I A 9 A 348 0 A B SR AR A, (ELAT S SICRE AP

RN, fi & AE FRIE A28 2 5 10 43 )
FR 2 AN B R AT 0. X R B R PA12 3 74 O
TR 5 1) i FE A o L B 6 I — AT S ]
17 (001) 1 (020) ¢ty THT 1) 17 5 Vet B8 I 2R 858, 747 5
S8R JEE L TA B e KAH, R Wy MRS B L B OR, 45
AT R e .

FH BG4 7 B PA12-1 B 1 et 3 8 o/ &5
PR, B S FIE 6 43 A gh T FEAR R 4644 T
K4 7 5 PA12-2 14 i 1Y — 4k WAXD 3% F1AH 87 1)
—dEi 2. vl 0L, 5 PAI2-1 M A )42, PA12-27E
T AR WAXD A7 5 B A8 H B 2 A4S 2% 1 [ 1 1
AT (B 5), 43 %S BT 6 4120 9 21.5° (1] (001)
s T T 5 AT 20 9 5.9° 1 (020) f T i 5 HAE, 24
MEAZIA B 50% I, —4EATH B B I T PAL12-17E
60% N AR I} 74 H B () 3ok B A AT SRS 5 AH B — 4
B 28 7E 20 4 20.3° I Tt HU B T )5 1§, HL(020) [fi
T S 0 5 P MK B e /INMEL, R B o PR
T EERTEAR, A8y A A A 0 AR A R R AR
BRI AT Az . 80% MARKT, — 4k B o fh AT
WS 5 O, T PA12-1 7 90% [ 4% i 74 AT 3 2%,
X iE—30 JUE o F BB T it #E o 45
FEAR . Ak, —Z4EE T PAI2-2 1 o i 1A I8
K G 2N B — 550, X5 PA12-17E 90%
AR RELBLG e 4 — 5. UL RIS 7K,
Ko PRI BN R RSB (KWL R/
A JE B L AR & (X R B L) 76 S Ao R vp x4k
UK, RGN IR A GRS . 100% AR
B, 4R R AR IE 2R TR R T R T R S
R 5 BT 5 A, R B LA PA12-2 AbF 5 B B )R
A, AR —ZETE & e, (001) A11(020) T AT 5 I
5o B 0K B A KA. IX 5 PA12-1 75 Hif fifi 45
I RIE R 5E 4 — 3K
22 SFEMEERAMSIESREREMNSES

BT 1A

5 PAI12-2 fER{ 2 B s NEAR I ) — 4E WAXDIE|
Figure 5 2D WAXD images of PA12-2 at indicated strains during stretching



8 3] BERRAE: h TR e 12 S R vh A5 A AR 1 R 1429

0% 60%
20% 70%
40% 80%
50% 100%
|
2(45505560657075 7(001)
k= »(020)
|
\WA |
] I
D
5 10 15 20 25 30

20(°)
El6 PAI2-27E il FE Hp AN [F] ML AZ IR F) — 4EWAXD i £¢
Figure 6 The 1D WAXD curves of PA 12-2 at different

strains during stretching

LER RN

SR B 7 1B KN X PAL2 A 7 A i A A A
XoF 45 i B TR B2 R4, SR A Origin X — 24 WAXD
th & AT LA, 43 45 2 PA12-1 F1PA12-2 [ X-ray
FEX & i P Tt vt AR () AR 4K (BT 7)o BRI 1T 20,
PA12-2 [FHIUR 45 & B B S5 T PAL2-1, REK
FEPAI2 45 S Ae 158 T H., ZEAH [R)hr {8
RN PA12-2 AT &5 & 5t B S8 s T PAL2-1, T
HAERIA KT 50% Je&, R8N JJ/E N PA12-2 11
S5 BE SR T PA12-1. {H 2 R} I A RE X 435
FE B LA (AR A e A R BUM [R] : ZFRIAZI , PA12-1
FIPA12-2 (1) X-ray A X 25 &b 5 43 51l S 22.8% Al
26.3%; £ HifH I G B B (e=0%~10%), PA12-2 /]
SE S BERYE R %, 23.3%, 1fii PA12-1 (1 AH % 45
i JEE U AR Ak B A0, SN 22.5%. X 3 B PAL2 i [X 78
N SIAE FAWIGE 1 S R AR BEIR, By 7 iz e
JIMER T RAEEBBIASE, FELEWE TR, B
i RS BRI 20 1 A TSP T2 A A (1 e
TR

10%<e<100% S AZ B, 2 Fhop) i 19 AH X 45
J55 353 s S92 A 38 0T ¥ 35 3 0, L PA12-2 45
WK BN . R 2R i B 82V - WI AR 1)
o DX B AR (B0 7 i e o P R AR ) R R
SR i DX B 87 A R T A L A AT 4 R TR
HHEE BOHT i XA, RG-S T4 5, (45 R
B 87 A% 1 ARG 3G K, HARX 4> T AR PA12-2
Xt A 1 BUR, AR TR RS A A R
Wang % P B % B PA1012 7E 30 °C (& T2 T,) 4
fires, SR SAXS [ A Al B A 5 S 45 15 5,

38

36+
34t
2t
30F

X (%)

28

-o- PA12-1
-o- PA12-2

26t
24t
2t

(I) 5I0 l(I)O 1%0 2(I)0
Strain (%)

7 280B IR 12 RS A R R X & R AR AL

Figure 7 Changes of the relative crystallinities for two

nylon 12 resins during stretching

{E 7 {8 RE L 7E 180~190 °C I N L 7 ¥ 3.
FE AR AT KN bk 1 ) fil e, 2% B PA1012
FEAR T T, oAy Fo 2 5t et W e o AR it
100% B, 2 Fofi b i (100 K XoF 425 o 58 350 AS o 2 7% 34
hnok A B R AR A, J3 )RR E AE 30.3% F136.7%
Hiy T RN T 45 55 RN TR 1% N AR Ik
B

D, FET o B F 2 R
(001) [fi 1 (020) [fI %) iy 1f7] 18] 5 o £ o e ik 72 o 11
ERIIEAS, 8 s . M 8(a) AT 4, FE T4
#1775 17 (001 T 114 ¢ THI 18] 25 of il o7 e 12 A% 114) A8 4k,
& 55 R 0T 5 b FE I e A A8 A AR A AR AR,
H PA12-2 78 #H [F] B A8 B 1 d {35 K T PA12-1,
FOHPA12-2 1) f X AEF B )7 B 25 5 4 il SR 0
HE. PR AT, 20 R (001) TH 1) dAE I 41N
0.413 nm. BEAERAFIFUG, — 38 1 d 5355 N AR
T SRR B, TR IR B — AN B AR AR S S BE B AR 3
TR VR 5 B0 B 5% 388 s 2 RGN e o AR 4
InEoR B RIS, H “FaE” K diEh
B TR AR 2 AT d B . X R B B P FE
(REAT , 3 BT R 7 1] PR A S A R AR W A (I
B2 ), A o 10 [ R IR AR /0N, HE IR d B SR AR R B Bl
KA, ZJa dn X AEH R ) N I 4 FE A (WAL ), fd
i T [ BE AR IR BB AL R SR K R A
B NS 0 o B R R RIS . R
X G5 B TERLAR N R B 208 B 5 41 77w B 1) 3 -F
iy, HEHEE N AN B R JER R
ghky. T H, B 8(a)RM, dIERIKIMIEIAE
UFXF T o i T B AR X5, 1T o 2R 3 K



1430 o

%

DI 8 2026 4

@
0.425 -

0.420 -

0415

dgoy (nm)

0.410

0.405

100 150 200
Strain (%)

0 50

(b)

148 -

1.46

dgpo (nm)

—0—PA12-1

1.44 - —o—PAI12-2

1.42 L L L

100 150 200
Strain (%)

El 8 2fhJe 124 i 2 v (001) (2)F1(020) (b)I ) & THI

] FEAR{E

Figure 8 Variations of the crystal plane spacings of (001)

0 50

(a) and (020) (b) planes for two nylon 12 resins during

stretching, respectively

1R AR XA A A X6 N T o it B A R 3 L LT
R & — Fh B IE PR A 7 ) R S5 R T
T HTRE AR AR X 3k

HE, fEAHF N ) R AR R R T, o 7=
AN £ 2 s Jlig 22 (001) THI ) d {1 It S AR A2 Ak 1)
B, L X 2 ) (1) 335 B AR B 0T 8 AR R g
BURPEAEAE W] B 22 5. PA12-2 75 20% 3% A8 I 1 d
18 15 3] % /K {8 0.407 nm, 2 J5 d & B 3 A B 40%
BN AR 60% i S BH 23, B2 B R AR B 60% 1
0 &2 80% I 2 | 38 fin, 4k 11 A2 € 7F 0.424 nm A
I I A 186 0 3 s B SR AR Ak, 1% d (A B R 2 HT
#0.011 nm. 1fij PA12-1 7F 50% R 4% B} 3 d {5
15 B i K1 0.405 nm, 2 J5 1E 50%~65% [ A5 i d
B Bt I A% 2 15 358 0, 4325 d AL 1E 65%~110% [X 5k
b VA SRS N, 4k 1 AR E 7E 0.421 nm, AN F B
AR S8 IR s B R AR A, % d B A R A 2 BT
#4°K0.008 nm. LA E&5RE, 77 EMHET

PA12-2 7EH A B 77 4 F R e X 45 79 BE 25 5
IR, T 25 5y s Ah ) BT A S BT 45 4, HLn
SR %) i T 1) 2E B 2 v T AH R R 54 R PA12-1
TR B B X1 o TR 1)

Kl 8(b) Jy 2 Flvbes g v R A 77 1] (020) 1T ) & I
() B o i oy A B AR R A . 5 (001) 1D d B 7E F AT
A G B AR A AN (] A2, 2 oW JIE 715 (020) T Y d {1
FEH AR 5 35 B /N TR A AT, JCHX PAL2-2T1 5
W AL TR PA1 2-2 A i s L VR R A 7 1) AR B
BRI . A, Bl S SR )38 0, 2 R A (020)
T ) d AELAK IR IS/ RIS IB e I
TR IG N Ko E AR IR A R, 12 S
Bk 4 RORIE T 4 SR AL U 2 B A (020) T d
i v At AR AR A FEE AR [R], (R dAE 2 D1 & AN B
BRI 7 B B AR 2B AN [R], PA12-2 145N AH BRI
BOR A EARINA . Fln, PA12-2 /1 dH1E
0%~20% AR 5 2215 N B, £E 20%~40% A5 [ 2
Ja] T B 5 75 50%~60% AR I Ak T+ 55 A1 £ 1.429 nm,
2 J5 A 60%~100% A8 B S 2 38 m, 2 )5
JE 1E 1.462 nm A F Bl B A8 A AR 4K . 1 PA12-1
(1) d B 1E 0~50% [ A8 B 2% 1% T [, 75 50~60% [
A5 I 2 JH R B, 7E 60%~65% I AT IS 4b T 5541 A
1.431 nm, 2 J5 7 65%~110% [ A% i 3 36
B 5 5 7E 1.487 nm A BB N AR AR,
SV, 2 T BT PA12-2 R AE DL &N B
e 5 1 AR B /N, 3 0] g5 RN B o JE B A
A i J2 SR FE R Gy AR, DA AR BRI 3 F
BHARTHEHPERA X,

X 8(a) 5 K] 7(b) I AT, PA12-1 F1PA12-22
Tl A% AE L (001) THT 11 oy T 1] 25 d AN F- [ 7 A 92
AR AR Y 1) e AR 4 0 BE iz A D 46 4S5 0.008 Al
0.011 nm, [y & 417 (020) [f ¥ & 1 8] #5 o A P Bl $r
it 87 AR A Ak, (1) B 5 AEL 43 79 EE R A W) 46 4511 0.010
F10.035 nm. M5 & B, HH 5 (001) T & 1 7]
PRI R, HAr T BRI PAI2-2 B N6 A 3, 1
(020) [HI ¥ dt THI 18] BRI /N, 8] R A2 23 5 AH X AIG
I PAL2-2 /b B R B 25 s R 128, Hodh
X LA TR IR ARG S Ty R AL A () e Tk
W, 25y B PR TE A R TR R R i A

H W, E8(a)5 K 7(b) F d i Kk A K IE
AR AN FR 8 () R AR X3 A AH [F] . 5 G, 3
50%~60% ] A% I H 3 & 1 8] B A X, 7 100%



8 1] SR

Jr TR JE He 12 A I R v 4 KT A 1431

AR e A dAE T RE e . 2% T A R 2 X 4k
5 B 2~ B 6 H B I A o T S R — 4 ] 1
J W BT Kb 1) 32 A2 AR ) . tH B, (001) T A (020) T
(1) d {78 A R v 38 52 30 S ek /s 5 38 hn i
B AR A A, 355 T A o AH B AN O A
Koo SCHR[14] 5T dAEAE 100% N AR A A (R ke e
ARG NS LA AR T R, A Db A i
TV A o PR AE (S ), AR T R AR
(25 °O) ik T PAL2 [ B B AL AR IR B, BE B iz )
Re A 2 LM o AHIE— D548 gy #H, BRI o AH
FELE [T RN FE T AL Jo e 2 A8 N Al

3 g

J e 12 75 S Ad ik B2 o R AR G0 R 45 R TR
Fir A AL (e) 9 20% I, BTy A 5 m] (001)
THI 14 i THT (8] BB d g, A1 P AT T B2 4 J7 17 (020) THI
(4 a0y T B IR /N, ARG 1 B W I 1 Xoray AH X 45
i JEE R /0N 5 T 0 4 R R 0 A R D) A A L
30%<e<50% HF 5 dgor 1 g0, B & 184 1173 1] 52 34 1
R BRI ZURI T B TA, Xeray AHXHEE 5 EE R N AR
e &9 50%~60% I T 18] PR H LKA, %
o H . 60%<e<80% N AR, o FH 1% i 4 i
BN B, BT AR e — P SR A 77 1 B
GERY A A B R B o & 9 90% I o A 58 45T 2
P TR B VR R AR 7 ) A .

o F & PR 12 S5 0 AR, {5y AH ) A df A
(1) 55 AR 7E SR [ 50% AR B 45 /T TR 46, IF7E 80%
JSLAZ IS S FT 25 R, HAK 237 2 IR 1 dgory AT 20,
AR /N AR I B ME AR E(E . IX ] RE
Ko 720l FABGH I Fr b B AR & = R
TR GWIN, ULRAR T 2 A F T8 4514 1)
HEAK.

o T EPCEA R T RS S 45 d. HIF M
AF NARAr T b R ) Xoray A 6T &5 i B
MBI T 2R . AHFER AT, BARHT
J& e o3 ¥ B A3 SR R GT &5 2
0 7.6% F110%.

S0k

1 Griehl, W.; Ruestem, D. Nylon-12-preparation,
properties, and applications. Ind. Eng. Chem., 1970,
62(3), 16-22.

2 Palmer, R. J.; Polyamides, plastics. Kirk-Othmer Encycl.

10

11

12

13

14

17

Chem. Technol., 2000, 19, 772-797.

ERH], KT, R, G KBEE R M IE S IR
IR 245 . & T 54k, 2020, 51(1), 1-11.
Hidiroglu, M.; Aksiit, D.; Serce, O.; Karabulut, H.;
Sen, M. Reducing the hydrocarbon gas diffusion and
increasing the pressure-impact strength of fuel transfer
pipelines for use in the automotive industry using
radiation crosslinked polyamide 12. Radiat. Phys.
Chem., 2019, 159, 118-123.

Baturynska, I. Application of machine learning
techniques to predict the mechanical properties of
polyamide 2200 (PA12) in additive manufacturing.
Appl. Sci., 2019, 9(6), 1060.

EV BRI, A, A ICHREEJE e A R K N
FH . AR, 2017, 15(34), 91-92.

W, MES, TRk, TER. ARPLLER12
FHR IR IS SR . T E R, 2023(12),
144-146.

Hiramatsu, N.; Hashida, S.; Hirakawa, S. Formation of «
form nylon 12 under high pressure. Jpn. J. Appl. Phys.,
1982, 21(4R), 651.

Kyotani, M. Solution crystallization of nylon 12. J.
Polym. Sci. Polym. Phys. Ed., 1982, 20(2), 345-356.
Ishikawa, T.; Nagai, S.; Kasai, N. Effect of casting
conditions on polymorphism of nylon-12. J. Polym. Sci.
Polym. Phys. Ed., 1980, 18(2), 291-299.

Ishikawa, T.; Nagai, S. Formation of a-nylon 12 by
solution casting. J. Polym. Sci. Polym. Phys. Ed., 1977,
15(7), 1315-1317.

Fischer, C.; Seefried, A.; Drummer, D. Crystallization
12 at
processing-relevant cooling conditions. Polym. Eng.
Sci., 2017, 57(4), 450-457.

Ma, N.; Liu, W. T.; Ma, L. L.; He, S. Q.; Liu, H.; Zhang,
Z.Y.; Sun, A. H.; Huang, M. M.; Zhu, C. S. Crystal
transition and thermal behavior of nylon 12. E Polym.,
2020, 20(1), 346-352.

Wang, D. L.; Shao, C. G.; Zhao, B. J.; Bai, L. G.; Wang, X_;
Yan, T. Z.; Li, J. J.; Pan, G. Q.; Li, L. B. Deformation-

induced phase transitions of polyamide 12 at different

and component properties of polyamide

temperatures: an in situ wide-angle X-ray scattering
study. Macromolecules, 2010, 43(5), 2406-2412.

Li, Koch, M. H. J.; de Jeu, W. H. Crystalline structure
and morphology in nylon-12: a small- and wide-angle
X-ray scattering study. Macromolecules, 2003, 36(5),
1626-1632.

Mathias, L. J.; Johnson, C. G. Solid-state NMR
investigation of nylon 12. Macromolecules, 1991,
24(23), 6114-6122.

Ishikawa, T.; Nagai, S.; Kasai, N. The y—a partial



1432 =

]

Eind 2026 4

18

19

20

21

22

23

transformation in nylon 12 by drawing. Die Makromol.
Chem., 1981, 182(3), 977-988.

Hiramatsu, N.; Haraguchi, K.; Hirakawa, S. Study of
transformations among «, y and y' forms in nylon 12 by
X-ray and DSC. Jpn. J. Appl. Phys., 1983, 22(2R), 335.

Cojazzi, G.; Fichera, A. M.; Malta, V.; Zannetti, R.
Phase transitions in nylons 8, 10 and 12 crystallized
from solutions. Die Makromol. Chem., 1991, 192(1),
185-190.

Ramesh, C. Crystalline transitions in nylon 12.
Macromolecules, 1999, 32(17), 5704-5706.

Dencheva, N.; Nunes, T. G.; Oliveira, M. J.; Denchev,
Z. Crystalline structure of polyamide 12 as revealed
by solid-state '3C-NMR and synchrotron WAXS and
SAXS. J. Polym. Sci. Part B Polym. Phys., 2005, 43(24),
3720-3733.

Kamal, T.; Park, S. Y.; Park, J. H.; Chang, Y. W.
Structural evolution of poly(ether-b-amide12) elastomers
during the uniaxial stretching: an in situ wide-angle X-ray
scattering study. Macromol. Res., 2012, 20(7), 725-731.
Inoue, K.; Hoshino, S. Crystal structure of nylon 12. J.
Polym. Sci. Polym. Phys. Ed., 1973, 11(6), 1077-1089.

24

25

26

27

28

29

30

Fernandez, C. E.; Bermudez, M.; Alla, A.; Muifioz-
Guerra, S.; Tocha, E.; Vancso, G. J. Compared structure
and morphology of nylon-12 and 10-polyurethane
lamellar crystals. Polymer, 2011, 52(7), 1515-1522.
HUNEN . JE o 12 18 T Bee AR i I A5 ) o Ak 5
FAIRIE TS . R 200 L 2 10 5, 2018,

Zarringhalam, H.; Hopkinson, N.; Kamperman, N. F.; de
Vlieger, J. J. Effects of processing on microstructure and
properties of SLS nylon 12. Mater. Sci. Eng. A, 2006,
435, 172-180.

YR, HAR, IV, TR, ATHK, SRR, BRI e
JE12/y- IR 2 S P 2 B L SR AR S R S TR RER
fiE. A B2 A, 2023, 51(6), 9-14.

B, R, TKRA, PR, SRR, B IR
SRR e 12 2 M. TAEBHS R,
2023, 51(1), 1-5.

53 PAL2 45 & M R A 2 S A i A o £ 46 A
A BB AR S, 2025.

Wang, L. L.; Dong, X.; Huang, M. M.; Wang, D.
J. Transient microstructure in long alkane segment
polyamide: deformation mechanism and its temperature
dependence. Polymer, 2016, 97, 217-225.



