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Abstract: The mechanism and patterns of rapid crack propagation and branching in an amorphous polymer were
studied on the fracture of flat samples of polymethylmethacrylate with an initial side notch under tension at
room and low temperatures. It was established that crack branching occurs when the critical level of fracture
stress is achieved. The fracture process is accompanied by the formation of microbranches that occupy part
of the thickness of a plate, both before and after branching of the main crack and the trajectory of the crack
deviates from a straight line; a single crack divides into two branches when the branch (microbranch) width
becomes equal to the plate thickness. SEM fractography shows that fracture occurs via microcrack formation,
which is activated as the crack growth rate increases. A crack branches when its velocity reaches its limiting
value, at which the volume of material involved in the fracture process, said volume being the function of the
material’s viscoelastic properties and the plate thickness, cannot dissipate the energy released by crack
propagation through microbranching.
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INTRODUCTION via inertial rearrangement of the stress field and therefore

One of the least-studied problems of modern to the characteristic wave velocities in the material.
mechanics and physics of solid body fracture is crack However, experiments show that there is no correlation
branching, which is observed in such crystalline and between V  and characteristic wave velocities in the
amorphous materials as glass, steel, aluminum, polymers material; V  depends greatly on the composition of the
and rock. material and experimental values of V are significantly

Analysis of theoretical and experimental work by below the Yoffe threshold.
E. Yoffe [1], H. Shardin [2], F. Kerkhof [3], S. V. Serensen In  the  models  developed  by  F. Kerkhof [3],
[4], V. M. Finkel [5], K. Ravi-Chandar and W. G. Knauss K. Ravi-Chandar and W. G. Knauss [6-10],
[6-10], E. Sharon and J. Fineberg [11], A. S. Kobayashi A. S. Kobayashi [12] based on the evolution of the crack
[12], I. N. Bediy [13], O. B. Naimark [14], S. V. Uvarov [15] formation process zone, crack branching is related to
and O. A. Plekhov [16] on the study of crack branching in changes in the material’s behavior near the crack tip upon
model and structural materials shows that the parameter reaching V , the level of which depends on the material’s
that controls crack transition from rectilinear propagation properties within the crack formation process zone.
to branching is the critical crack propagation velocity V According to these models, crack branching occurs as a*

(limiting velocity), while V <V (V  is the Rayleigh wave result of harmonic interaction between microcracks and*
R R

velocity) and does not equal the  determinate  portion  of the main crack and is most likely a stochastic process,
V , but depends on the material. Two fundamentally whereas experimentally it exhibits its determinate nature.R

different approaches exist to explaining the crack Thus, no fully definitive physical mechanism has yet been
branching mechanism upon reaching V . According to established for crack transition from rectilinear*

Å. Yoffe [1], V. M. Finkel [5], E. Sharon and J. Fineberg propagation to branching that would explain the existence
[11], I. N. Bediy [13], O. B. Naimark [14], S. V. Uvarov [15] of experimentally observed limiting velocity of crack
and O. A. Plekhov [16], crack branching occurs primarily propagation V .

depends on the crack achieving a distinct velocity related

*

*

*

*

*
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The objective of this paper is to study the mechanism
and patterns of crack branching during crack propagation
in an amorphous polymer.

Macroscopic Patterns of Single Crack Rapid
Propagation and its Transition to Branching Mode: For
experimental study of the transition of crack propagation
from rectilinear to branching, a series of tensile tests was
conducted on 4 mm thick flat samples of
polymethylmethacrylate (PMMA) measuring 120×120 mm,
with a 3 mm deep notch on one side,  using  an Instron
universal tensile testing machine. The tests were (a)
conducted at 20°C and -40 °C; the samples were cooled
using nitrogen in the tensile machine’s environmental
chamber.

After sample fracture, the fracture surface was
studied using an SL-20 Philips scanning electron
microscope by means of secondary electron imaging.

At 20 °C, cracks propagate in a straight line in the
plane perpendicular to the direction of maximum tensile
stresses; the fracture stress values were =5–7 MPa. At
-40 °C, fracture occurs at higher stresses and the crack
propagation mode depends on the level of fracture stress

: At relatively low values of =12–13 MPa, the crack
propagates with a curved trajectory without the formation
of microbranches; as the level of  increases, (b)
microbranches of length  form at an angle  with the Fig. 1: The crack branching in PMMA:  a - general view;
main crack; at critical level of fracture stress >17 MPa, b - fracture surface*

the crack divides into two branches forming an angle
(Fig. 1, a) and the fracture process is accompanied by the samples tested at 20 °C consist of fracture zones typical
formation of microbranches both before and after for  amorphous  materials:  mirror, mist and hackle zones
branching of the main crack. [7, 17], which are traditionally identified by their

The distances from the notch to the start of the first reflectance. The   fracture   surfaces   of  samples  tested
microbranch formation L  and to the crack branching point at -40 °C, in  addition  to  those  listed  above,  also1

L  are a function of : The greater the stress, the shorter contain a rough zone extending to the branching point.2

the distance from the notch to the point where As _ increases, the extent of the zones decreases.
microbranches form and, respectively, to where branching The PMMA fracture mechanisms that lead to
begins. Characteristics of the crack propagation process characteristic fractographic features and, therefore, form
in PMMA at various test temperatures are shown in the the various fracture surface zones (Fig. 3) can be
table. represented as follows. When a tensile load is applied to

No correlation was found between ,  and L , or the sample, the accumulated elastic energy is1

between  and . The parameters ,  and  take on the concentrated near the notch and when the applied stress
following values: =15–35°, =23–52° and =2–30 mm, reaches its critical value, a crack begins to propagate from
i.e. the maximum branching angles are significantly greater the tip of this notch. Fracture starts with the mirror zone,
than the microbranching angles. which corresponds to the stage of slow crack growth,

Microscopic Features of Fracture Surfaces and maximum tensile stresses by breaking of bonds at the
Discussion of Results: Fig. 1, b and Fig. 2 shows a typical crack tip (Fig. 2 and Fig. 3, a). The length of the mirror
image of the fracture surface of a PMMA sample that zone on the fracture surface is ~15 mm at 20 °C and
fractured with crack branching. The fracture  surfaces  of 0.6–1.5 mm at -40 °C.

when deformation processes occur in the plane of



World Appl. Sci. J., 24 (4): 414-420, 2013

416

Fig. 2: The fracture surface of a PMMA at the crack propagation with branching

Fig. 3 The schematic image of a fracture mechanisms of PMMA at various stages of  crack propagation 

As the level of local stresses continues to increase the  main  crack   and   a  microcrack  that initiates ahead
near the crack tip, the mirror zone transitions to the mist of the initial crack front and propagates in a plane parallel
zone, which is characterized by the appearance of to, but not quite coinciding with, the main crack
coniform markings on the fracture surface (Fig. 2 and propagation plane [18]. The density of coniform sections
Fig. 3, b). A coniform marking forms due to spatiotemporal increases  gradually  as the length of the main crack
interaction    between     the     propagation     fronts   of grows.
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The mist zone on the fracture surface transitions to
the hackle zone (Fig. 2 and Fig. 3, c). Demarcation between
the mist zone and hackle zone is arbitrary: the fracture
mechanisms within these zones are identical, but the
increased density of coniform markings gives the fracture
surface in the hackle zone a pronounced roughness.

The pattern of fracture in the mist and hackle zones
is determined by the critical distance from the microcrack
initiation area to the tip of the main crack at the given level
of local stresses t and the distance between the
microcrack initiation sites S. Since the microcrack initiation
sites are the structural imperfections in the material, the
value of t characterizes the material’s microstrength near
a structural imperfection, while S depends on the
concentration of structural imperfections F in the fracture Fig. 4: Dependence of conic traces density r on distance
zone. According to the cluster model of the structure of from the notch L
vitreous amorphous polymers [1], structural imperfections
in PMMA are represented by randomly distributed
intercluster areas, the distance between which is
estimated  as   the   size   of    macromolecule     clusters
(on the order of 1–10 µm).

As the crack progresses, t and the depth of coniform
markings increase and S decreases, i.e. microcracks grow
more actively, further away from the main crack
propagation plane and at great distances from the crack
tip, which is related to the gradual increase in the
concentration of stresses  near  the  crack  tip  [10-20].
This leads to an increase in the density of coniform
markings on the fracture surface, as the distance from the Fig. 5: Area of rough zone of a fracture surface 
notch L increases (Fig. 4). The minimum distance between
microcrack initiation sites is S =45 µm and the limiting below  the mean fracture surface. Radial lines B, which*

value of coniform marking density is r =500 mm . represent cleavage steps, form via disruption of* 2

Achieving the condition r=r  results in activation of connections of the material between parts of the crack*

microcrack initiation sites near the plane of maximum fronts moving along parallel planes.
tensile stresses at the maximum concentration of F*. As the fracture process develops, the fracture zone

Thus, the mist and hackle zones correspond to stable, grows, i.e. the volume of material involved in the
rectilinear propagation of the main crack; the fracture microcrack formation process increases [7-10]. This is
process occurs via propagation of the initial crack in the demonstrated by increased length of radial lines, height of
plane of maximum tensile stresses and is accompanied by cleavage steps and size of the microcracking area and by
initiation of microcracks ahead of the main crack front, the the formation of microbranches (Fig. 2). The fracture zone
growth of these microcracks in the same plane and an dimensions in this paper were defined based on its height
accumulation of microcracks up to their critical value. D (Fig. 3, d and e),  which  was  measured  with a

Upon reaching S , the fracture surface transitions precision of 0.05 mm. The maximum size of the fracture*

rapidly  from the hackle zone to the rough zone: along zone D  grows with increasing  (Table 1). The most
with  the pattern  of  coniform  markings,  areas with developed fracture zone in the case of crack propagation
three-dimensional   morphology   A   and radial lines B with branching is observed at a distance of ~ 0.5–1 mm
form  along  the  main  crack  propagation   direction from the branching point.
(Fig. 5 and Fig. 3, d). Areas A consist of agglomerations of Some of the microcracks merge and propagate within
coniform markings that formed when the initial crack the fracture zone in a direction parallel to the main crack,
merged with microcracks that initiated  at  various   depths or  form  a  certain angle  with it in accordance with the

*
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Table 1: The data of a crack propagation in PMMA 
Temperature, °C , MPa Mode of a crack propagation L1, mm L2,mm D*, mm
+20 5-7 Rectilinear trajectory - - -
-40 12,9 Trajectory curving - - 0,6

13,5 - - 1,2
15,6 Formation of a microbranches 19 - 1,4
17,4 18 - 1,4
21,2 Crack branching 15 30 1,8
27,8 9 17 1,6-2,0

Fig. 6: Area of fracture surface, consisting of mirror zone Fig. 7: Experimentally measured values of a crack
and cleavage steps propagation velocity in PMMA at various stages

impact of the maximum shear stresses, forming On the fracture surface, the cleavage section, which
microbranches that extend beyond the fracture zone (see occupies the entire plate width (Fig. 2), corresponds to the
Fig. 3, e). Since the input energy is primarily expended to crack branching observed at the end of the rough zone
propagate the main crack, microbranches cease to develop (Fig. 3, f). This means that branching occurs via the same
outside the fracture zone. Microbranches occupy part of mechanism as the formation of a microbranch, under the
the sample thickness and have a wedge shape, with the condition that its width occupies the entire width of the
point of the wedge extending to the lateral surface of the plate. In this case, two equivalent branches form with
sample. This wedge shape of microbranches is caused by identical stress fields [6-9]. Subsequent branch
the fact that the lateral surfaces are under a plane stress development is determined by redistribution of stress
condition, as a result of which the plane of maximum shear fields, which depends on the geometry of the sample, load
stresses forms a 45° angle with the lateral face of the conditions and their interaction with waves reflected off
sample. the surface of the sample.

The cleavage section C (Fig. 6), which consists of the Fig. 7 shows the experimentally measured values of
mirror zone and cleavage steps perpendicular to the crack crack propagation velocity in PMMA at various stages of
propagation direction, corresponds to the formation of crack propagation. At the end of the rough zone of the
microbranches on the fracture surface and forms when PMMA fracture surface, during branching, the crack
microbranches merge with the main crack propagation reaches its limiting propagation velocity V =500–800 m/s
plane. (Nemec et al. 1970; Ravi-Chandor et al. 1984; Sharon et al.

Thus, the rough zone of the fracture surface does not 1996; Bediy 1990, Naimark 2000, Uvarov 2000). Based on
corresponds to the propagation of the rectilinear front of the conducted analysis of PMMA fracture mechanisms,
a single crack, but rather to that of a composite front of the following conclusion can be drawn: the existence of a
microcracks that arise, propagate and merge in the fracture limiting velocity below the Rayleigh wave velocity is
zone and whose dimensions grow as the fracture process explained by the fact that at the given crack propagation
progresses and transitions to microbranching mode. stage, the excess energy entering the crack tip is

*
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expended not on increasing the crack propagation The fracture process is accompanied by the
velocity, but on activating microcrack formation. When
the crack achieves a propagation velocity V>V , at which*

the material in the fracture process zone cannot dissipate
the energy released during crack progression through
microcrack formation or other damage mechanisms
intrinsic to the material, the crack branches.

A condition for crack branching is reaching of the
critical minimum value by the second summand in the
energy balance equation by Larionov and Lyglaev [21]
for the case of dynamic crack propagation in a solid body:

(1)

where G is the specific stored elastic energy near the
crack tip; G  is the specific surface crack formation0

energy; S is the fracture surface area; N  is the number ofi

activation volumes of the i  scale level in the fractureth

zone, wherein occur the elementary fracture process
actions; and W  is the energy required to activate thei

fracture process in the activation volume of the i  scaleth

level.
The limiting velocity of crack propagation can be

determined as:

(2)

where µ is the linear dimension of activation volume in the
fracture process zone, wherein occur the elementary
fracture process actions and  is the frequency of
breakage of interatomic bonds in the fracture zone at V˜V .*

If we assume µ=0.5 nm [22] and V =700 m/s, then*

=2 10  s , which is a valid value, since  cannot exceed12 1

the frequency of temperature oscillations of kinetic units
in the solid body (10 s ).13 1

CONCLUSION

Thus, the following conclusions were drawn based
on studies performed on the patterns of rapid crack
propagation in an amorphous polymer and crack
transition to branching on the macro- and microscopic
levels.

Crack branching occurs when the critical level of
fracture stress  is reached and as  increases, the* *

distance from the notch to the crack branching point
decreases.

formation of microbranches that occupy part of the
thickness of the sample, both before and after
branching of the main crack and the trajectory of the
crack deviates from a straight line.
The single crack divides into two branches diverging
at an angle of 30–60° when the branch (microbranch)
width equals the plate or shell thickness.
In the transition from rectilinear crack propagation to
microbranching and branching modes, the crack
formation mechanism does not change and occurs
via microcrack formation.
The lateral dimension of the crack formation zone
increases steadily along the crack path and
decreases immediately before branching.
A crack transitions from rectilinear propagation to
branching when its velocity reaches its limiting value
V , at which the volume of material involved in the*

fracture process, depending on the material’s
viscoelastic properties and the plate thickness,
cannot dissipate the energy released by crack
propagation through microbranching.
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