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Summary of Doctoral Thesis
Studies on Polymer Fracture on the Molecular Level

by Nozomu Tsuruta

Transmission electron microscopy, selected-area and small-angle electron diffraction, and real-
time small-angle X-ray scattering were systematically performed to investigate the molecular aspects
of the brittle fracture in semicrystalline polymers and engineering plastics, the fracture mechanism of
which has not satisfactorily been clarified in comparison to general-purpose amorphous polymers.

Transmission electron microscopic observation was conducted on the sample of isotactic
polypropylene, a general-purpose semicrystalline polymer, after its mechanical yielding caused by
uniaxial elongation below its glass-transition temperature. The initiation of crazes was observed, and
their microstructures are similar to those observed for amorphous general-purpose polymers. The
craze is a region of local plastic deformation, and consists of fibrous tissue called fibrils oriented
along the stress-axis and connecting the craze/bulk interfaces (the boundaries between the crazed and
uncrazed areas) and of the voids surrounding them. The breakdown of the fibrils, which can result in
the macroscopic fracture, was found to occur at the craze/bulk interfaces. As this mode of fibrillar
breakdown is similar to that for amorphous general-purpose polymers, it is clarified that the fracture
of semicrystalline polymers also emanates when the flowing-in of the molecular chains from
craze/bulk interfaces to the fibrils are interrupted as is similar to the cases for amorphous general-
purpose polymers.

Real-time small-angle X-ray scattering measurements were also carried out in which the
scattering was recorded synchronously with the fracture of the specimen. These measurements
showed that the integrated scattered intensity rises abruptly after the yield point, and that the peak
appears in the scattering curve which becomes more conspicuous during the process of fracture. The
mean diameter of the fibrils, the mean spacing between them and their change with time were
evaluated quantitatively by the analysis of the time-dependent scattering curves. We have developed a
new analytical method which can facilitate the determination of the volume fraction of the fibrils in
the crazes and its time-dependence. The application of the method revealed that the volume fraction
of the fibrils remains constant during the entire process of fracture.

Systematic and comprehensive experiments were performed for some typical engineering

plastics, the mechanical properties of which have been improved in comparison with general-purpose



polymers. Electron microscopic observation was performed on the crazes initiated in amorphous
engineering plastics, such as polysulfone and polyarylates, during their uniaxial elongation, and
revealed that the microstructure of the crazes resembles that observed in amorphous general-purpose
plastics. The analysis of the small-angle X-ray scattering curves for crazes in polysulfone determined
the mean diameter of the fibrils and their mean spacing, and suggested that their values are similar to
those for general-purpose polymers. The mechanism of the breakdown of the fibrils, however, was
found to be totally different from that of general-purpose polymers; the breakdown of the individual
fibril occurs by its creeping instead of interruption of the flow of the molecular chains.
In similar experiments conducted on poly(butylene terephthalate), a semicrystalline engineering
plastics, crazes were observed propagating along the boundaries of spherulites, as is similar to the
case for polypropylene, a general-purpose semicrystalline polymer. The basic inside structures of the
crazes were almost the same for amorphous general-purpose polymers and semicrystalline
engineering plastics. The mechanism of the fibril breakdown is, however, found to be clearly
different from that for general-purpose polymers and also that for amorphous engineering plastics.
In the case of fibril breakdown in semicrystalline engineering plastics, some neighboring fibrils
coalesce to form thicker fibrils, and the latter break down by creeping. The above results leads to the
conclusion that the major reason for the high mechanical strength of engineering plastics lies in the

entirely different breakdown mechanism of the fibrils rather than the shape and the size of the fibrils.
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Fig. 1. Schematic drawing of the meniscus instability mechanism

of craze tip advance 27,
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Fig. 4. TEM micrograph from crazes
(a) in PP and (b) in PS.
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Fig. 5. TEM micrograph from crazes in PP,

(a) Crazes grown interface between spherulites.
(b) Crazes grown arc direction. (c) Craze initiated
at a center of spherulite.
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Fig.6. TEM micrograph of fibrils breakdown
(a) in PP and (b) in PS.
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Fig. 7. A typical TEM micrograph of LEAD
pattern from crazes in PP.
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Table 1. Mean fibri diameter D, mean fibril spacing D and fibril volume

fraction Ve for PP and PS.

D /nm D, /mm Ve
PP 21 45 0.22
PS 25 41 0.2
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(b)

Fig. 1. Wide-Angle electron diffraction pattern
from (a) undeformed region and (b) orientated
fibrils region within the craze of PP .
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Fig. 12. Geometry of slit-collimated small-angle x-ray

scattering camera equipped with tensile mechanism with

(a) homogeneously crazed specimen and (b) specimen

with localized crazes.
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Fig. 13. Schematic drawing of ideal craze/fibril
structure model.

35



TH2bNB, T/, ATV rQIE, EX0O005 &) ICHELICHFS
L7z 74 7 ) VOBEREICIKTF LI-ETH b, FigsSIopRd MR THE NS
SHREFN—HT 5,

2 V—ZD7 4 7Y NVEEIE. FSIEARTIR, Porodfll'VIHE D o HERLM
TR0 5 OPorodfllix, BENRY MV s D s NI HBIT B, AV v M RERT
HIsE L7z 1 SERERD S OBELE, sTICHEIT 2, 74 7Y VO TR
X, LANS TR L TwaE, 74 7)) VEELOLAERS Tt #ELEREE
_(ap)'v,AI{D) &,

I(s)= = 2
O REY TS 2)

LBy RO —EERD % s’= 012 4ME L 72{E D Porod &2 &, & 72 5

( Fig. 16. )o

(1) &% (2) KIHALT, 74 7Y VOPYEED=<D? >/ <D>
ICOWTHE L

_pH_ 10
B <D> _n(l‘vf) k, 2

D

. T4 T)IVEEDA N) T MO PorodEH ki ERDB T EIZL
D74 TYVIVOEHEEXREYRDALZ ENTEL, T2, 74 7)) IVOFEEHEE
3. 77 hA T4 TYNVBEER LD

D
Dy="r— @)

vy
5 bR,

3.3. E&&
HEHE, FEMERO Ty 2 F v 7R AT LV (APS) XA L, O FE

36



BPVR=3I S~ aro0° b7 7I2L VM =2230008 E L7z, APS id
230C. 100kgf/cm*TAY b7V AL, ESImm®D ¥y — ML L7z, HEMHR
FHI & 360mm, FEISmmDIGHARIZE) ) U7z /A X RREELHIE 12 13 Kratky-
URY Yy bARXATERAWZ, E—AF A4 BICEMEEZR) i), AROE
MAMERY y bOREAMERARICL, BRI TELLZ L—XD
74 7 ) VEREL T ERERE L7ce MR (T3 1 SOl EBUR R B RHE &
ERL7. ) A7 O XHEIR CuK  MIFZ 40KV, 50mA THEA L., X#RiE
Ni R4 VT Kp MBI D BR S Bl L7z, MEMEURHE, EREEHIE S N7z =
WNT 50 CTREAR, Pl L7zo ASTXMOME LT THAEEH Td 5 HEHEF
DRYAF LDy ranFH iy 35 C. 0RETHE LIGHoE#E
A ORIE L7z AR OEMEREIL 3 m/ minTOFAREEXI07 /s& % 5,
DT x v 7 MM 3.8cmTh b, AELREDOHEILA > & —/V)V 200 T
BWHRAICEEL. 7L - XDFKE, JREEFHMTE=Y — L7z, £FIZ7
Lo A5 LT 2ATIEMR b 7 4 7)) VEGEL R ST IS T 2 IREE &
THlE L7z,

33. fEREEER

Fig.14. ® L OERO ML, SAXSHIEDM, B S /A & fkEDRM
BarERLLTWD, 7y 7 OFENE, F150 m OIEMEF THRAZL TV 555,
FRUEBSTORORRTHE 7y 7 OFERIP L ORFESBEEINL, K
WCHIE S NL-SAXSTRE SR . 7 L — ADBROBGEOHEI NS EHT
X5 FIEMORFHIBE SN ELE . e ClRoNIHELL LNy 775
7Y RELTELIICIEED, 7L AHMOSFIEELZ 1572
BRIEELDA XY 72 b 0, s=0.028 nm LU FOREDEE (2) KT L
Rotz, ZOFRE . Figld (IR LA — 7 24— )0, B OEMIZH
HODEALTH B, BRIBEUIEMEL 150, m 1TET 5 B IAT, R
Btofigs o F% LAl & &, BFEENL, 7 L - XOREO 720 EA LG
Db, MBEIFHELO ZWEHTIX. 7 v 7 OPEIZIE-> TWwd, @FIFEELOHEM

37



(=]

Load / kgf

0 0.1 0.2 0.3
Extension / mm

Fig. 14. Load - extension curve (solid line) for
polystyrene at 50 C°, and semi-total excess SAXS
intensity measured during extension (open circles).
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Table. 2. Fibril volume fraction vfin crazes observed for polystyrene by

various investigations.

method and investigater

fibril volume fraction Vf

this work

refractive indices by Kambour®)

level differences on the fracture surface by
Doyle3)

mass thickness contract in TEM by

Lauterwasser et al4)

the same method as above by Browm>)

the same method as above by Donald

etall?‘)

the same method as above by Yang at el!3)

0.26

0.27

0.2410.03

0.26

0.25

43



DRI ERERTH DEFETH v=026 TN T TOFHEOBRLEBOEL, 20
BETRESNTHHOBHESRRETEIZLTH L EHH LTz,

34.FEH

A[El, SAXS DAEASRELFIH L7274 7)) L OERSH % R 2 {lE k% 12
KL ZOFEITH > TRDOIPSOEFEGHIL, HEROBFEL VRO SN
BRI L CHLTBY, AEL RELCHROBESFRUERIETZ YT
Y MOESTFIZHBEATE 5,

44



3.5. &Mk

1)
2)
3)
4)
5)
6)
7)
8)
9)
10)
11)

12)

13)

E. J. Kramer and L. L. Berger, Adv. Polym. Sci., 91/92, 1, (1990).

R. P. Kamber, J. Polym. Sci., A2, 4159 (1964).

M. J. Doyle, J. Mater. Sci., 8, 1185 (1973).

B. D. Lauterwasser and E. J. Kramer, Phil. Mag., 39, 469 (1979).

H.R. Brown, J. Mater. Sci., 14, 237 (1979).

M. Dettenmaier, Adv. Polym. Sci., 52/53, 57, (1983).

H. R. Brown and L. J. Kramer, J. Macromol. Sci.-Phys., B19 487 (1981).

E. Paredes and E. W. Fischer, Makromol. Chem., 180, 2707 (1979).

O. Kratky, Small Angle X-ray Scattering, Academic Press, New York London.
O. Kratky, L. Pilz and P. J. Schmitz, J. Colloid and Interface Sci., 21, 24 (1966).
G. Porod, Kolloid-Z. 124. 83 (1951).

A. M. Donald and E. J. Kramer, J. Polym. Sci. Polym. Phys. Ed., 20, 899 (1982).

AC-M. Yang, . J. Kramer, C. C. Kou, S. L. Phoenix, Macromolecules, 19, 2020 (1986).

45



46



4. KRV T7OEL > OIRMRIEICEL S MBS0
ERFE/NE X KREELRIE

4.1, A

BT OMRMBIBICE 2o CTEL B L —Xid, oM O L 3R
0, TEGENETHEI I v 0 RELIRNCI L—XEEL D, TDY
b= 3B EINE Tl < RN RN L 28R ch 2 7 1 7
VIVEEDE) DEMTHERA FPLEY Lo TWb, 7 L — ADHIEDH]
SMETH Y 03O0 %) T EDTELDIE, 7 L= N0 7 RIERIZ1E
L7274 TI)NNDIRNETZTHENLTHI, ZDD, 7L —Xii,
B FOREEE B W TEERERE Y R-T,

L —ANHL BENE TIE AW EiE, Sauer"IC Lo TR LIRS
TV, FDOH, Paredes & Fischer’ 2 Kramer 512 & 0 | &8 % F 1%
i TEM ) R/ X ARELEL (SAXS) # HlWT, EICERMBSTFITEL 2
L= XD W TREL LIFSEAT e bz, TEM IZMEIOD 7 L — Xofffge e
CHOWHLNTWAFETHY), 7L — XD EXIIFEd 59 2 CIFEEITHE
VOFRTHD, TEMBIEETIIEBIZAEL 2 L - Xk HERECE, WY
R EHHEOIATHI S 7 L — XM # AT % 259,

SAXS b F 72TEM [FkIZ 7 L — X OWAMREE 2 55T 2 DK% HEThH
bo SAXS IZBWTIE, MRERA TR NV 2 BREHT o v CE e i
P ThHL, FRORBOBIEOKIFMBIE L EDF A 3 v 7 ilE! 1V
WRETH 5o
© Kramer”®Brown b id, FEMZIFZIC & 0 RS S T ORE - R E S
DR E LTy AZADARRERZ OO RS2 F7 N CTh L ERE &4
HIEHERIRIB LT SOETFTNTIE, 7V —ADERIE, FERYVIGHICL A E

47



DENC & D #k b L7158 (active zone ) & IFFIIN M@ L EAEG 071257
FREMIETTT A T NVICHENAAT I A TYNVDBERTLHEEZ D,
HAMESTFICBOTOIEEMBAITICRONS L) %o L — XO5E.
U LIRIR COR R MRS T OREMERR ., SR TR LW HICERE S h
720 LL, BREBSFOTI) vy 7 ADEN T+ OV —DHMESRH T A
B ANEEUT CH A0, WL CHEMENLEE Y RTZ eEnI &
PORMERES T TIE IV —ZXDEL L WEEZLNTE, L2LEDIL,
ERERUES T Cho THOF T AL ALT CEMT T LA 2A LD I L
Wb o 7. KESIER ST OIEVIRHROBIEIZ O W TOIF%IE, Petedin' | B
iZ 5290 Morel 5 VDSR2 IFFAH B D ODITE A ETT bR TV RV,
AT, MM ERMEHTTH R TOE L Y EAVT, 7T AE
B 81T, 0C) LT CHEM Lo BEPERIRIC P o CA L B 7 L — X B0
FERF L% /N XK AREEL O ERFRIRE I L DS 2T %,

42, E5
421. F&

HREHI. BAMBEBL () ToiRtsh 74V s F v o R)FaELy
(LAFPPERET) (X A7 v K096) #ERALA. 135CTHBEIZT T
YR BAWAEERENEPIC L) RROEEFYSTEM, . 223000
PeiE L7z EMAEEHL, 230TC, S0RETEE IMmiZAhy b7V AL, K
KPTRE LT, £0%, £ 60mm, FREIE 10 mm D & > ~OVRNZY) Y 3k
&, PFREMAE I E 1 mmO RO S v FEANR, TOSICI L —X
BRET S LI LI CORGEMEAP ALIFRZ LT 50 LTV
TAa0TV—OHEILL B2 L - AOWEAE OB IS T L -0 BERD
T EhARREER LTz, BB TIE, LIS TRy ML R KB L2

48



B 1S0 CT7 ==V L7z, B CcTid, RBEBRARIZIES L. 150 C T4 FeR
7= Lize ABDTIE, R LSRM7T =— L7z, HFE bHBAL

FLY Y WENZEIDZL, /vFx ARl

422, /A XKRELELRIE

N XARELEL (SAXS) BIEICIE Kratky -U 2 v b A RA T ERwiz, E— 4
7 A Y EIERRE Y AFT, AEoEMFEE 2) v boRE AR & E T
MWL, BB o THELB 2 VL —AD 7 4 7)) VEEL = ERRTEE L7,
R - RITALE BRI GRS 2 A L 72. 5RO BERE % Fig. |21
To ZV—=XREIZT 4 TYNDE LT, FORENIIEM G E & 4T I2ACA
LTWa72d, 7L —AWNED 7 4 7Y IVHOT R ICRR L7 87ELiE.

T A4 T)WZxF L CHRETTE, COBEIIEMA NI L TEREICEHDI L,
Fig.18.0 & 512 1 Koo BHEUER AIEHEE » BLE L C BT, Metmisicre
o THELDT7 4 7)) VEHEL 2 BIROMID b BAAREE THlET 52 &EA5T
&b, XMIFITIE, VA7 RO XHREER CuK M %Z 40kV, S0mA THAH L.
XHUE NI A A VT K %) Br & AL 720 RN, IBEHIE S
JeABER T30C TREMR, JlE L72e AR OMEMEE 33 0 m,/ min T U Akt
BE8X107/sk e Do TLOF v v 7 MEEEEL 3.6 cm Th b, BELEREDREIE S
AVF =NV 2008% 1 7L —a & LTERMICHEL, 7L —XDFAE, B
R ERRFHTE= Y — L72. AFTXMOMEIL, HO0 L5 TENEMTH
HEEWRELORY) ZAF L Oy unF viEle 35°C. 0 RETHE LE
WO BBIFELD HDIIE L7z F 7o, BBEREOR L 5 IOV T b FERRICAT

rolz,

49



beam stop

—_—

Sample
1D-PSPS

incident x-ray

fibril scattering

L 2

load direction

Fig. 18. Schematic drawing of the relation between the

Kratky collimation and fibril scattering.

50



43. BEREEE
4.31. RARABOERERIE

Fig 19 ICHABADBIEFICBIT B OT A (s-s) HifE R PIZAE L8

EUEDRIE T RED O AT 2EAE TR T . ABOBRAMEDNE, K
Fid, AR ORETRESSBIC LRI LANMNEE —HLTED ., BRI
BRI V- ADTEREIND T EATRMEND, CORREOME BT 5§l
RN I TTT Y FELTELFIWT, 72 L—A00 OBFEELZ %72,
Fig 20. 12 R S AR D REH & 130§ B ELARE DR L 2 R § o HELRAE I
OFHOBEMEILITHAL, 714 7)) VHEO FEhRICEEL D BEL Y — 2 2
BEgInl, T/, BEERIIBWIE - ONBICESBES 2o/
TENL, T4 TVINVHEORMBIEI—ETH D I LR SN,

72, ¥ s (EBO Bragg D5, TV FHMTHEICL D EIBLAKTT
FINEAV, 747 VOEEL KD B Paredes DFFHIZHE VT, PSOBA
DE—HDEFN & L T Dsp W4 RS {072, TH T LI, Fig20.42
RLIET 4T IVOBED Y — 7 OFEIED PS IZHERTT O = FTH Y,
TAT)NVOEEDHAHNIL 2D EEZ LND, JHE, HBadEsTTo
74 7TV, FEEMITERT 2850 CERHOKASNIIEETTT7 47
27 b, ) EASEAHITENT 280 MAGVREHREL DD, MAE
SFENIEGTTIA T IV b, ) LB T4 7)Y IVOREREDEND

Y (I

5L ZOFARE IE L {EHIT A 72912, Paredes ¥ Fischer”, Kramer ©*°
HIRZE L 72 BEL AR O T AR O FEMT £ 1) K& 72 Porod £ % V> % Porod f#
WaAT% 272,

L= bn7 4 7)) VERELE. TEAMTIR, Porod HIPIZEE ) O T

51



9 IV B N N
S L © W

Stress (MPa)
) )
S W

[E—
N

10

Stress

Invariant Q

! l

| | | l

0 0.1 020304050.60.70809 1
Strain (mm)
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SAXS intensity measured during extension
(open circle).
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Fig. 24. Polarization micrograph of spherulite
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Fig. 25 Wide angle X-ray diffractgrapf of all samples.
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Table 3. Various of morphology for all samples.

sample degree of crystallity size of spherulite/ mm long period/nm

A

B
C
D

0.3793
0.3609
0.3659
0.3949

12 13.0
12 12.8
12 13.1
13 12.9
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Fig. 33. High magnification TEM micrograph
of craze (a) in PSF and (b) in PAR.
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Table 4. Mean fibri diameter D, mean fibril spacing Dy, and fibril volume fraction vr for

PSF and PS at room temperature.

D/nm Dy/nm Vf
PSF 8 14 0.4
PS7) 6 13 0.2
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Fig. 40. TEM micrograph of crazes
(a) in PBT and (b) in PP.
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Fig. 40. TEM micrograph of crazes
(a) in PBT and (b) in PP.
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Fig. 42. TEM micrograph of fibrils broken down
(a) in PBT and (b) in PP.
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Fig. 43. LAED pattern from craze in PBT.
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Table 5. Mean fibri diameter D, mean fibril spacing Dy and fibril volume fraction vr for

PBT and PP at room temperature.

D/nm Dy/nm vf
PBT 23 43 0.29
PP 31 65 0.22
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(a)

(b)

(c)

Fig. 45. Wide-angle electron diffraction pattern of PBT ;
(a) undeformed region, (b) moderately stretched fibrils,
(c) fibrils immediately before breakdown. The load
direction is horizontal.
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