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Abstract Polymer crystalline morphology serves as a crucial link between microstructures and macroscopic properties,
determining the mechanical performance of polymeric materials. Although previous studies using X-ray scattering,
scanning electron microscopy, and polarized light microscopy have elucidated the deformation behavior and mechanisms
of stress-strain responses at micro- and mesoscales, the deformation process of crystalline morphologies under stress
from a three-dimensional perspective remains largely unresolved. Using poly(lactic acid) (PLA) as a model polymer and
combining polarized light microscopy, scanning electron microscopy, and advanced optical imaging techniques, this
study aims to reveal the deformation evolution and failure mechanisms of spherulites during tensile stretching from both
two-dimensional and three-dimensional viewpoints. The findings indicated that PLA a-form spherulites exhibited limited
bulk deformation throughout the stretching process; their response to tensile loading primarily involved the initiation of
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cracks perpendicular to the tensile direction in the equatorial and polar regions of the spherulites. As stress increases,
these cracks gradually widen and propagate into the interior of the spherulites; ultimately cracks in the polar regions
penetrate the entire spherulite, leading to brittle fracture. The three-dimensional analysis not only visualized the
undulating topography induced by tensile loading (characterized by protrusions in the spherulite region and depressions
in the surrounding amorphous zones), the distribution of voids at the spherulite-amorphous interface near the equatorial
plane, and the preferential initiation of internal cracks at the material surface, but also quantitatively demonstrated the
variation in crack volume and the dimensional ratios of the spherulite and internal crack outlines along the tensile and
perpendicular directions with respect to tensile strain. These findings establish a structural evolution model for
spherulites under tensile stress, providing a critical theoretical foundation for interpreting the inherent mechanical
brittleness of PLA materials.
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Fig. 1 Morphology study of PLA specimen before stretching.
(a) POM image, (b) WAXS pattern and (c) DSC heating curve.
The WAXS pattern was peak-fitted by Gauss method.
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Fig. 2 POM and SEM observations. (a—d) In situ POM with the 1 plate and (e—h) ex siru SEM images of stretched PLA at different
e: (a, e) e=0%, (b, f) e=110%, (c, g) e=150%, (d, h) e=200%. Stretching was applied along the horizontal direction, and the dashed

circles indicate the deformation of spherulites.
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(a) &=0%, 3D solid

Fig. 3 3D imaging of the PLA sample before stretching. (a, a”)
3D solid and surface rendering, and the corresponding slices:
(b, b”) yz slice; (c, ¢’) xz slice; and (d-g, d’-g’) xy slices at
different depths, as indicated by the dotted magenta lines and
square in (a). The dashed lines in (b, b”) and (c, ¢”) are showing
the boundaries of spherulites.
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Fig. 4 3D imaging of the PLA sample stretched at £=60%. (a, a’) 3D solid and hybrid (surface/solid) rendering, and the corresponding
slices: (b, b’) and (d, d’) for the SD slice; (c, ¢’) and (e, e’) for the ND slice; (f, f*) and (g, g’) for the xy slices of A and B, respectively,
as indicated by the dotted yellow, turquoise lines and the magenta square in (a). (f1-f4, f1’-f4’) and (gl-g4, g1’—g4’) are the xy
slices at different depths.
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(a) &=150%, 3D solid

(¢’) ND slice

Fig. 5 3D imaging of the PLA sample stretched at e=150%.
(a, a’) 3D solid and surface rendering, and the corresponding
slices: (b, b”) SD slice; (c, ¢’) ND slice; and (d-g, d’~-g’) xy slices
at different depths, as indicated by the dotted yellow, turquoise
lines and magenta square in (a). The dashed lines in (b, b’) and
(c, ¢’) are showing the boundaries of spherulites. The cracks in
the spherulites are labeled in red color in panels (b’, ¢’).
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= ND sl
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Fig. 6 3D imaging of the PLA sample stretched at £¢=180%.
(a, a”) 3D solid and hybrid (surface/solid) rendering, and the
corresponding slices: (b, b’) SD slice; (c, ¢’) ND slice; and
(d—g, d’=g’) xy slices at different depths, as indicated by the dotted
yellow, turquoise lines and magenta square in (a). The dashed
lines in (b, b’, ¢, ¢’) are showing the boundaries of spherulites.
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Fig. 7 Analysis of 3D imaging results. (a) The stress-strain
curve of the PLA specimen at 60 °C; (b) The diameter ratio of
spherulites along the SD to ND directions (black square), as
well as the volume ratio of cracks to spherulite (red sphere),
are presented as a function of . The inset shows the SEM
image of PLA spherulite at e&=60%.
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PHELR AR TEIN . e KL 120% 1), BRA
I8 V- TH SD A1 ND J7 [m] () R~) R ok, {Hix
PG R FFIRIE T 2R &0 B 5 TR AR . d i o 2K d A R
SUARI BT 73T (Verae! Vipherutiter 2 SURFA ELER &y
AR, ALy R, BRE ARG R
M BEAN TT R A, REARF T IAEK i H
SRR 22%. X R WIHE & X 7515 O hi i 42 Y

], FERE S AR 3 R Bk 4. (RIS, AR ER A
P AR TR ST R S g8, Nz PLA BR &
Fdnlal R TR E AR, A FEORERS T
V) DX 3R AR 1 BT 2 . 24 e B — 2B 3 I, BR AR
LRSI RS R, BRGNS R
HR; e2180% I, RGUATRTER G H S
23 METEKRABBHIRLAMTANKREREE?
FRAREAE S, b ok fE R R )
NSRS A (NI R AN o=F/4, LA F
HA F3 50 9 #ms MHAAE AT AR). SR, FEA TAE
H1, PLABREFIFESMXEEEZER R, R FER
BN A, BRI, FEER &I SD 7 [F AR 5 3E & X
FLHANE R 250 SRT, W TRk E &, R
BIERIH AR, WG PLA KRR AL R
JERHER . i ER R T B LU S
S e AR, RIE 7 AR - B AR A
B B A IR #E )L X (depletion zone), 1% X 4 ~f
A2 EEGK; HOR IR T T #lus &
KT dAAKRE, SEAMEN S THEIE SR
A ALK RIS R, M PLABKE A K S
BER N, X EEFE S X PRk = JH [l 4 T aE R HE 7
2 AGRK ROBEIMIRE T R 88 TAPRLR T hr i)
B, X CIIREKE RO R TR R, S R R AL B
A TR IR Y (B 4(d)s 4(d°). d(e) AT 4(e)).
SR, RTS8 A Tl B B ERk dh, A KR
PIFERIX o] LA B s R b e, AsBAaks
VR B THT ) 3R R I TR J R TR T B s B, AT bt vl DA
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MR 77 BT 9 i 20 T AR TS Bk
PER & 2 THI A7 E 99K RUEE B TUTRA 10, X — 3 1 )5
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REA D EAEG X, VR i) i 22 1 2SR
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24 NMETTEK@RELZ/NS PLA AFERERNXR
PLABREBAER I RE P IEAR &/ Jy 1 B f# PLA
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RN TG BR A ] A B 2 AR A, SRR
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o i 10 BRBEA SRR AN, W o Bl R BT BOK
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WG RN A L R, AR AR S
AR B ) S h A EEAAAE DU R R AR

a:G(iz—%) @)

Hrr, o ARARR T, ARFHLL, G ARmIEERX
B, G=NkT, NNFRWHTIREL, kK APIRIEE
B, TR . K7 R -RAR iR TR, I
A H SR X R, 133 G=176 Pa, #Eififl
N 3.8x107° nm™, ARG RN EAR R —F
(1.0x1074 nm3)159-61, fhah, AHFFH PLA 5 T2 N
1.0x105 g/mol, T H 445 73+ 518 & 7E 3x10° g/mol
DLl XSRS BRE ST e Rk E]
M #5200, 3R ) o AN TG i 2R3
A R i 2 AR IR B R B B AR T 213,

3 #ig

JE I SR 4 -V T T VR & T B B A
PLA o f1ER &, 454 POM. SEM 546t =4k 1%
AR, BT H R R A AR AT N S B HL
il . A 7R I PLA o fi BR & 75 A 3ok 7 Hposfe DUIE i
IS B B R AR KB TE s BRi SR X
BRIV e R AR R B ik, TSI BR
i PAL 8 71 T DX R A8 DX ) MR RS 2 T i A= 3 BT

T RIS, BER ARG R, BR & AR GURE Y
J&, BRZGURNETEWTRE . BRI R B = 4E S5
FAL 7R T ER G SAR S X2 70 1B R 4
FRZRIE T I B0 A AR SO R T A - 7
PR BRERTERL A RS BT DRI AN R
b, HIRARAAEREAY SN, JREVIH AR
R, FATMR R VT AR B R . =R 4h
RO E BT 1 B TE S IAP LR RS, A
FERGUAR BR b 5 RGN ERHY SD ATND R
BB o AP S A2 (R A A R . AT 7T N = 251k
FSEREIW] T PLA o BRI SRR, 457 T
R ity U S AT 25 5 WL E i 24 R N AE ORI,
L PLA MBI T2 M MESR AL 18 B AL A . [
I, 5 LAR A Rt — DR T (1) R B
IRIE X 5 PR IX 289 AU, (HIRE B ik
BN, BRI RAE =
I AR T, 2B SRS B P A ) ) IR 1
2 (2) 15 PLA 7p 15 DU 5 2 iy B A 12
W, RETIET PLARREL R EIEAS, MMk
HI22ErE? 3) MHEM S, BRés RSN, B
DR B T R, AR R Ry, A4
PLA B R 2 /N, BREE RTINS 3 R AR B 57
AR R i RSO H AR R U IR 52 i S (B AR ) 2
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