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Abstract The morphology of conic markings was
observed on the fracture surfaces of amorphous polysulf-
one, polyethersulfone and polyetherimide and semicrystal-
line polypropylene, polyphenylene sulfide and polybutylene
terephthalate by using scanning electron microscopy. Most
of conics exhibit the stepped stereo configuration, and the
origin of secondary crack is depressed in the crack plane as
aresult of plastic deformation. The brittle—ductile transition
of polymers can be analyzed by comparing the matching
morphology of conic markings. According to computer
simulations, the type I marking is determined by the ratio of
the main to the secondary crack velocity while the type II
marking is determined by the distances that two secondary
cracks have covered before they meet. Variations of conic
shapes can help to determine the changes of crack growth
velocity.

Introduction

Fracture surfaces of polymers can exhibit certain charac-
teristic patterns recording the fracture process. In general,
common patterns include conic markings, radial striations,
regularly spaced rib markings, periodic bands, etc. [1]. An
examination of these patterns provides valuable informa-
tion involved in the failure mechanisms [2-11].
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Conic marking is a kind of important pattern on fracture
surfaces. It is generally accepted that the conic marking
forms due to the intersection between a moving main planar
crack front and a radically growing circular craze or sec-
ondary crack front [9, 12—-17]. The nucleation, growth, and
coalescence of cracks in the formation of conic marking
determine the micromechanism of dynamic fracture [14].

Conic marking has been observed in amorphous poly-
mers such as poly(methyl methacrylate) (PMMA) [13-15]
and epoxy [12, 17] while it has rarely been observed in
semicrystalline polymers. Moreover, very little attention
has been paid to the stereo configuration of the two
matching fracture surfaces.

Computer simulation has been used to study the fracture
patterns [9, 12, 17-21]. It is reported that the conic marking
can change from a parabola or a prolate parabola to an
ellipse, and finally to an approximate circle as the velocity
ratio of the main crack to the secondary crack increases
[9, 12]. The previous simulations could hardly disclose all
the forming mechanism of conic markings, especially the
type II markings formed by intersection of two radial
growing secondary cracks. The previous simulation results
did not have experimental support.

In the present research, we observe the conic markings
on the fracture surfaces of a wide range of polymers
including amorphous polysulfone (PSF), polyethersulfone
(PES), and polyetherimide (PEI) as well as semicrystalline
polypropylene (PP), polyphenylene sulfide (PPS), and
polybutylene terephthalate (PBT). We analyze the nucle-
ation of secondary crack and the stereo morphology of
conic markings on the matching surfaces. The formation
mechanism and influencing factors for the formation of
conic markings are investigated by a combination of
scanning electron microscopy (SEM) observations and
computer simulation.
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Experimental procedure

The resins used were PSF (Solvay, P-3500, Brussels,
Belgium), PES (Sumitomo, 4100G, Kobe, Japan), PEI
(G.E, 1000, Connecticut, USA), PP (Olefin Plant in Lia-
oyang Petrochem. Co., 4016, Liaoyang, China), PPS
(Polyplastics, HS-G30, Chiba, Japan), and PBT (Jiangsu
Yizheng Chem. Fiber Co., S3130, Yizheng, China),
respectively. All the specimens were made by injection
molding and dimensions are provided in Scheme 1 of
Fig. 1.

Tensile tests were carried out on a universal testing
machine (WdW-10C, Hualong Testing Instruments Co.
Ltd., Shanghai, China) according to GB1040-92 in a
loading velocity range of 0.1-1000 mm/min at room tem-
perature. Impact tests were conducted on a pendulum
impact testing machine (ZBC-4B, Shenzhen Xinsansi
Measurement Equipment Co., Shenzhen, China) according
to GB/T1843-1996 at temperatures from —196 to 180 °C.
The three-point bending tests were performed on the uni-
versal testing machine in a loading velocity ranging from
0.05 to 500 mm/min.

The fracture surfaces of the specimens after being
coated with gold were observed using a scanning electron

microscope (SEM, KYKY-2800B, Kyky Co., Beijing,
China). Atomic force microscope (AFM, SPI3800N, Seiko
Instruments Inc., Tokyo, Japan) was used in the tapping
model to observe the stereo configuration of conic marking.

Results and discussion
Morphology observation of conic markings
Formation of conic markings

Figure 1 gives the type I and type II conic markings
observed through SEM and the illustration of formation
mechanism of conic marking. Each conic marking contains
a secondary initiation at the focus. Conic markings are
produced not only by the intersection of a main crack front
with a secondary crack (type 1), but also by the interaction
of one secondary crack with another (type II).

The forming of conic marking needs several conditions
[13, 22]. Figure 2 shows the morphology of secondary
initiation within conic markings. Defects or inhomogenei-
ties (Fig. 2a), microvoids (Fig. 2b), and even spherulites
(Fig. 2c, d) in semicrystalline polymers may be the

Scheme 1 Illustrations of R75mm \15" l
dimensions of specimen used in ! mm
tensile (a) and in impact and I’"“—\/______f r 1omm
bending tests (b) ! . &
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Fig. 1 a SEM micrograph of
conic markings on the bending
fracture surface of PPS tested at
190 mm/min. The white arrows
denote the direction of crack
propagation. b Schematic
diagram for the formation
mechanism of conic markings

16 KV

500 X 100 um

KYKY-2800B SEM SN:1522

- main crack

(b)
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Fig. 2 SEM micrographs
showing secondary initiation
within conic markings:

a impurity on tensile fracture
surface of PSF tested at 1 mm/
min, b microvoid on tensile
fracture surface of PSF tested at
1 mm/min, ¢ spherulite-like
morphology on bending fracture
surface of PPS tested at

500 mm/min, and d spherulite-
like morphology on tensile
fracture surface of PP tested at :
20 mm/min 16KV 300X  100um KYK wn oo e

16 KV 1.50KX 10 um KYKY-2800B SEM SN:1601

Fig. 3 Stereo observations of
conic marking on fracture
surfaces of PSF tested at

140 °C: a SEM micrograph of
the whole impact fracture
surface, b magnified SEM
micrograph of conic markings,
¢ AFM micrograph of the conic
markings, and d AFM
micrograph of the depressed
secondary crack initiation

18KV 10.0X YKY-28 2 100 um  KYKY-2800B SEM SN:1376

potential sources for initiating the secondary cracks. [23—40]. The complex changes and especially discontinu-
Injection moldings usually yield complex microstructural  ities in preferred orientation and residual stresses and
distributions in amorphous and semicrystalline polymers  density distributions should play a role in the crack

@ Springer
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Fig. 4 Schematic diagram for the formation of a step at the junction
between a main and a secondary crack

propagation [35-40]. In the case of spherulitic morpholo-
gies [41], the relatively high-residual stresses and anisot-
ropy facilitate spherulites to easily break away from the
matrix under external loads and to trigger the formation of
secondary cracks.

Stereo morphology of conic markings

Among the SEM micrographs of the fracture surfaces of
the six polymers, the conic markings on the impact fracture
surface of PSF are the most flat. Figure 3 shows the stereo
morphology of conic marking on impact fracture surfaces
of PSF tested at 140 °C. Even the rather flat conic shapes

Fig. 5 SEM micrographs of
conic marking morphology on
the two matching bending
fracture surfaces of PES tested
at a 50 mm/min and

b 0.05 mm/min

Concave

Convex

16 KV 4.00KX 10 um

KYKY-2800B SEM SN:1438

(a)

Fig. 6 Schematic diagram for cracks and conic markings in reference
to the coordinate systems. Curves a, b, ¢, and d denote the type I conic
markings with increasing V,,/V gradually. Curves e and f denote the
type II conic markings for §; = S, and S} # S,

observed under SEM (Fig. 3a, b) still exhibit stepped
shapes under AFM (Fig. 3c). In fact, most conic markings
are stepped in stereo space.

The flaws are naturally and randomly dispersed
throughout the material [14] so that the nuclei of secondary
fracture are usually not on the same plane as the main
cracks. The fronts of these two cracks intersect in space,
leaving a level difference boundary on the fracture surface.
Figure 4 shows the space interaction of the two fracture
fronts and the focus of the conic identifying the origin of
the secondary fracture front.

Deformation
zone

18 KV 5.00KX 10um  KYKY-2800B SEM SN:1398

(b)
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Using AFM, we could observe that the secondary crack
origin is depressed in the plane of secondary crack
(Fig. 3d). The degree of plastic deformation determines the
matching condition between the two matching fracture
surfaces. The deformation zone, which is the slow growth
area of the secondary crack, usually appears concave on
both surfaces, while the fast growth zone in the secondary
crack would appear concave on one surface and convex on
its mating surface.

Figure 5 shows the conic markings on the two matching
fracture surfaces of PES fractured in different modes. PES
experiences little plastic deformation during brittle fracture
process so that the conic markings always appear concave

0 = xx+yy-(2-25+1.25x%) (2.25+1.25%)

a0t
3.0+ .

Hyperbola

32

3.0+
4.01

0 = xxtyy-(1.540.5x) (1.5+0.5%)
v
5.0

(a)

4.0¢+

Ellipse

3.01

(c)

Fig. 7 Simulated conics for V,,/V; = 0.8 (a), 1.0 (b), 2.0 (¢), and 10
(d). The simulated conics could account for the observed hyperbola
on the bending fracture surface of PPS tested at 0.05 mm/min (a),
parabola on the bending fracture surface of PPS tested at 500 mm/min

@ Springer

and convex, respectively, on the matching surfaces
(Fig. 5a). While PES fractures in a ductile mode, more
plastic deformation happens and area of concave zone in
conic markings is larger (Fig. 5b). The brittle-ductile
transition of polymers can be analyzed by comparing the
matching morphology of conic markings.

Simulation of conic markings

The type I conic marking is attributed to the interaction of a
straightly fronted main crack O; with a radial growing
secondary crack O, while the type II conic marking results
from the interaction of the secondary crack O, with another

0 = xx+yy- (A2+x) (2+x%)
5.0%

4.0+

Parabola

3.0

-3.0+

4.0t

5.0

(b)

0 = xxtyy-(1.0140.01x) (1+0.01x)
yii
4.0+

3.0

Circle

3.0+

4.04

(@)

(b), ellipse on the impact fracture surface of PES tested at —20 °C (c),
and circle marking on the impact fracture surface of PES tested at
60 °C (d)
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radial growing secondary crack Os; [41-44]. Figure 6
sketches the cracks and the conic markings in reference to a
system of coordinates with the origin located at the initi-
ation site of the first secondary crack O, and the x-axis
parallel to the main crack growth direction. The radius of
the first secondary crack O, is assumed to reach r at time
when the main crack front first meets the front of O,. The
interaction of the front of the main crack O; with that of the
secondary crack O, yields type I conic markings denoted as
curves a, b, ¢, and d. As the cracks propagate, the front of
O, after advancing a distance S at time ¢, meets that of O3
that advances a distance S,. Their interaction results in the
type II conic markings denoted as curves e and f.

The type I conic marking

Assuming that the main crack propagates right with a
velocity of V,,, and all the secondary cracks grow radially at
a speed V; [14], the equations of motion of the main and the
secondary cracks can be written as, respectively,

X =—-r+Vuy (l)
X2+ =(r+ Vi) (2)

A combination of Egs. 1 and 2 yields a control equation

DRONCERE

Vin ¥
for the intersection loci of the moving planar main crack O,
and the secondary crack O,. Equation 3 suggests that the
specific shape of the type I conic marking depends on the
ratio of the main crack velocity to the secondary crack
velocity, V. /Vi,. For V. /Vi = 0, the conic marking
approximates a straight line. For 0 < V,,/V, < 1, the conic
marking is a hyperbola with eccentricity and opening
decreasing with increasing V,,,/V; and the marking becomes

0, y)

—

Yi

r o_
0, 0)

Fig. 8 Schematic diagram for measuring r and y,

parabolic at V. /Vy = 1. The marking appears as ellipse
with eccentricity decreasing with increasing V,,,/V; above 1
and contracts into circle at V,,/V; approaching infinite.

The fracture surface patterns were simulated using a
mathematical software “winplot” (Peanut Software Co.).
Figure 7 shows the simulated conics at different V/Vj,
which could well account for the typical SEM micrographs
observed on the fracture surfaces.

By measuring r and y; (Fig. 8) and substituting into
Eq. 3, conic markings can be used to analyze the crack
growth velocity through:

Vin/Vs =71/(y1 = 7). (4)

Figure 9 presents variation of the conic shapes with the
crack propagation observed on tensile fracture surface of
PEI and bending fracture surface of PPS. The hyperbola or
parabola markings in the initiation change to ellipses or

/ TR
KYKY-2800B SEM SN:1530

16 KV 60.0X

1 mm

Fig. 9 SEM micrographs showing the variation of conics and the
corresponding V,,/V values along with the crack propagation on the
tensile fracture surface of PEI tested at 100 mm/min (a) and the
bending fracture surface of PPS tested at 190 mm/min (b). The white
arrows denote the direction of crack propagation
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0 < 64(x0.5x"0.5-0.5) (x*0.5%x°0.5-0.5) -36yy-5.76
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Fig. 10 Simulated hyperbola conic for S; # S, (a) and straight line conic for S; = S, (b). SEM micrographs on tensile fracture surfaces of PES

tested at 500 mm/min (a) and PES tested at 500 mm/min (b) are shown

circles with the crack propagation and the values of V,,,/V
are also labeled near the corresponding conic markings.
Vi/Vs increases gradually along with the crack
propagation.

The fracture surfaces can be classified as fracture initi-
ation zone, fracture spreading zone, and transient breaking
zone. Under external stress, the crack growth velocity
continues to increase gradually from zero to relatively high
values as the main crack departs from the initiation zone
[14] so that V,,/V; increases gradually along with the crack
propagation. Such variations of the conic shapes and V,,/Vj
are in good agreement with fracture process, so variations
of conic shapes can help to determine the crack growth
velocity more accurately.

The type Il conic marking

The equations of motion of the secondary cracks O, and O3
are given by

X2+ Y2 = (S, + Vin)? (5)
(X — S] — S2)2 + Y2 = (SZ + Vsl‘2>2 (6)
A combination of Egs. 5 and 6 yields a control equation
4818,(X — 81/2 = 8,/2)* — (S; — 8,)*Y?

= 515,(81 — $,)? (7)
for the intersection loci of the two secondary cracks O, and
O;. Equation 7 reveals that the specific shape of the type II
conic marking depends on the distances that two secondary
cracks have propagated before they meet, S; and S,. When

S1 = S, the interaction shape is a straight line and other-
wise, the interaction shape is a hyperbola. Figure 10 shows

@ Springer

the simulated results for S; # S, and S; = S,, respec-
tively, which could well account for the typical SEM
micrographs observed on the fracture surfaces.

Conclusions

The inhomogeneities that trigger the initiation of sec-
ondary cracks may be impurities, microvoids, disconti-
nuities in preferred orientation/birefringence, residual
stresses, and type and characteristics of morphological
zones in case of semicrystalline polymers. Most conic
shapes exhibit stepped morphology in stereo configura-
tion, and the secondary crack origin is depressed in the
plane of secondary crack as a result of plastic deforma-
tion. The brittle—ductile transition of polymers can be
analyzed by comparing the matching morphology of conic
markings. Computer simulations demonstrate that the
shape of type I conic markings is determined by the ratio
of main crack velocity to secondary crack velocity, V,,/V.
The type I conic marking changes from a hyperbola to a
parabola, an ellipse and finally to an approximating circle
with increasing V,/V,. The shape of the type II conic
markings depends on the two distances §; and S, that two
secondary cracks have covered before they meet. The
interactions are a straight line when S; # S, or a
hyperbola when S; = S,. Variations of conic shapes are
helpful for determining the change of crack growth
velocity.
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