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Dynamic crack propagation has been studied in detail for a series of transparent rubber- 
toughened samples of poly(methyl methacrylate) using a combination of high-speed photo- 
graphy and the optical method of transmitted caustics. The dynamic stress intensity factor has 
been measured as a function of rubber content, crack length and loading rate. The dynamic 
stress intensity factor is found to increase significantly as the rubber content increases, which 
is consistent with the improvement in impact behaviour found on the addition of rubber par- 
ticles. It is proposed that the toughening takes place through crack tip blunting caused by 
localized shear yielding induced by the presence of the rubber particles. 

1. Introduct ion  
Significant improvements in the mechanical properties 
of brittle polymers can be achieved by the incorpora- 
tion of second-phase particles which can be either 
rigid [1-3] or rubbery [4, 5]. Because of this there has 
been an increasing interest over recent years in the 
study of the crack propagation behaviour in such 
multiphase polymeric particulate composites. It is 
found that a large number of factors can influence 
crack propagation behaviour. These factors include: 

(a) the size and distribution of particles [4, 6], 
(b) the mechanical properties of the particles and 

matrix [1, 7], 
(c) the volume fraction of particles [1, 3, 7], 
(d) the rate and temperature of testing [3, 8], and 
(e) the strength of interfacial bonding [9]. 

Second-phase particles are often added to brittle 
polymers to improve their performance under impact 
loading. This has led to a number of studies of the 
impact fracture of such "toughened" polymers [4, 5, 
10]. However, fracture under dynamic loading con- 
ditions can also be studied in detail using a combina- 
tion of high-speed photography to measure crack 
velocity a and determination of dynamic stress inten- 
sity factors K~I using the method of caustics [11-16]. 
This has enabled correlations to be made between K~ 
and d [12-14] and allowed the crack propagation 
behaviour to be followed in detail. 

Although most dynamic crack propagation studies 
have been confined to single-phase transparent poly- 
mers such as poly (methyl methacrylate) (PMMA) 
and epoxy resins, dynamic crack propagation has also 
been investigated in certain multiphase systems [15, 
16]. For example, it has been demonstrated that for a 
crack propagating through bimaterial plates when the 

crack propagates from a ductile material to a brittle 
one there is an increase in crack propagation velocity, 
while the opposite behaviour is observed for a crack 
going from a brittle material to a more ductile phase 
[15, 16]. 

Dynamic crack propagation has also been followed 
as a function of volume fraction in epoxy resins filled 
with iron particles [7]. It was found that the mean 
crack propagation velocity decreased linearly with 
increasing filler volume fraction, while the presence of 
filler particles in the epoxy matrix resulted in bifur- 
cation or multiple splitting of the cracks accompanied 
by a reduction in the critical crack propagation veloc- 
ity with increasing filler volume fraction. 

It is well established that the strength of the inter- 
facial bond is important in controlling the mechanical 
behaviour of multiphase polymer composites. Epoxy 
resin bimaterial plates with various levels of bonding 
at the interface [18, 19] have been used to model 
interfacial effects during dynamic crack propagation 
in composites. It has been demonstrated that a crack 
propagating through one of the plates at a constant 
velocity decelerates as it reaches a short distance from 
the interface, and then stops for a few microseconds 
before entering the second phase. If the bonding at the 
interface is weak a crack is found to propagate along 
the interface in two branches, due to the increased 
shear stress at the interface, before it enters the second 
phase as two cracks [18, 19]. 

The highest levels of toughening in glassy polymers 
are generally achieved by the addition of second-phase 
rubbery particles [1, 4]. However, such materials are 
generally opaque making dynamic crack propaga- 
tion studies rather difficult. Over recent years, certain 
grades of toughened "impact-modified" acrylic poly- 
mers have become available in which the transparency 
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Figure 1 Transmission electron micrographs of sections of the rubber-modified PMMA samples containing (a) 10 and (b) 40vol % of 
particles. 

has been maintained. This is done by matching the 
refractive indices of the rubber particles and the poly 
(methyl methacrylate) (PMMA) matrix and reducing 
the size of the particles to below the wavelength of 
light [4, 5]. In this present investigation, dynamic 
crack propagation in a series of transparent tough- 
ened acylic polymers containing different volume 
fractions of rubber particles has been followed using 
a combination of high-speed photography and the 
method of transmitted optical caustics. This has 
enabled a detailed study to be made of the variation of 
the dynamic stress intensity factor, K~, with particle 
volume fraction, crack length and loading rate. 

2. Mater ia ls  
The materials used in this present study were a series 
of injection-moulded Oroglas acrylic polymers sup- 
plied by Rohm and Haas (UK) Ltd. They included 
V811, a medium molar mass, medium flow injection 
moulding grade of poly(methyl methacrylate), and 
three other rubber-toughened grades of PMMA con- 
taining approximately 10, 20 and 40% volume frac- 
tions (lip) of similar rubber particles. The compositions 
of the rubber-toughened grades were confirmed by 
dissolving the PMMA matrix in acetone, centrifuging 
and weighing the insoluble fraction. The structure of 
the three rubber-toughened polymers was examined 
using transmission electron microscopy. Sections 
~ 0.2#m thick were obtained using a glass-knived 
ultramicrotome and they were examined, without stain- 
ing, in a Jeol 100CX transmission electron microscope 
operated at 100 kV. Fig. 1 shows electron micrographs 
of sections of the 10% and 40% grades, and it can be 
seen that the structures contain particles of the order 
of 0.3#m in size. The particles are spherical but 
appear in the micrographs to be slightly oval due to 
distortion during sectioning. It is difficult to determine 
the exact volume fractions of the particles from these 
sections because their exact thickness is not known. 
However, it can be seen that the highest particle vol- 
ume fraction material contains by far the largest num- 
ber of particles. 

An important point to note is that particles are not 
homogeneous but have a dark ring around their out- 
side. It appears that they may be multi-stage particles 
produced by sequential emulsion polymerization [20]. 
For example, three-stage particles consist of a rigid 
polymer core surrounded by a rubbery shell of butyl 

acrylate/styrene copolymer rubber, and an outer shell 
of PMMA. Graft-linking can be used to give good 
interfacial cohesion between the different layers and 
the core is often cross-linked to reduce particle break- 
down during processing [5]. When the particles are 
incorporated into a PMMA matrix the outer shell of 
the particles becomes part of the matrix, and so the 
structure appears in electron micrographs such as in 
Fig. 1 as consisting of rubber particles with a solid 
core. The rubber appears as a dark shell in the micro- 
graphs even though the sections are not stained, 
although it is not clear how the contrast arises. 

3. The optical method of t r a n s m i t t e d  
caustics 

The optical method of transmitted caustics was used 
for the determination of the stress intensity factor at 
the tip of the propagating cracks and the crack pro- 
pagating velocities. According to this method, a con- 
vergent or divergent light beam impinges on the 
specimen in the vicinity of the crack tip and the trans- 
mitted rays are collected at a reference plane parallel 
to the plane of the specimen. The stress concentration 
in the vicinity of the crack tip results in a reduction of 
the thickness of the specimen due to the Poisson's 
ratio effect and also to a change of the refractive index 
of the material in this area. In this way, the stress 
singularity at the crack tip is transformed into an 
optical singularity in the reference plane by the refrac- 
tion of light. The deflected rays from the neigh- 
bourhood of the crack tip are concentrated along a 
strongly illuminated curve (caustic) in the reference 
plane, while the area enveloped by the caustic becomes 
a shadowed area. 

The stress intensity factor at the tip of the crack can 
be calculated from the geometric characteristics of the 
caustic with a high degree of accuracy. Further, the 
position of the extremities of the moving crack front 
at any instant of time can be accurately deduced from 
the respective positions of the caustics, and the instan- 
taneous value of the crack propagation velocity can be 
derived. The stress intensity factor for the specimens 
used, and for a crack propagating transversely to the 
applied load, is given [14] by 

= c (1)  

where 
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and 

1.671 
C = zodct23m/2 (2) 

~m = Zi (3) 
z0 + zi 

2m denotes the magnification ratio of the optical set- 
up, z 0 the distance between the specimen and the 
reference screen, zi the distance between the reference 
plane and the focus of  the light beam, d the thickness 
of  the specimen, ct the stress optical coefficient, D t  ax 
the transverse diameter of the caustic at the reference 
screen and 6t(m~ x a correction factor for the diameter 
of the caustic which takes into consideration the 
dynamic effect due to crack propagation and which is 
given in published monographs [7]. 

4. Experimental procedure 
A Cranz-Schardin  high-speed camera producing 24 
sparks with a maximum frequency of 106 frames per 
second was used for the study of  the dynamic crack 
propagation. The regulation of the spark frequency 
was made such that spark groups of  (4), (5), (5), (5), 
(5) intervals were produced which enabled obser- 
vation of  the whole process of  crack propagation. A 
Carl-Schenk hydropulse high-speed testing machine 
was used for the dynamic fracture of the specimens. 
It has electronic displacement control, a maximum 
dynamic load of 40 kN and a maximum possible strain 
rate ~ = 80sec -~. The applied dynamic load was 
recorded using a quartz force-transducer. 

The synchronization of the fracture process with the 
high-speed camera was achieved by means of  a silver- 
contact circuit which triggers the sparks on the initia- 
tion of crack opening. The set-up also employs a delay 
circuit which could be activated if crack propagation 
was not instantaneous. 

The optical part of the experimental arrangement 
contains a concave reflector of 0.5 m diameter and of 
focal distance f = 7.00m. The light beam emitted 
from each spark was reflected from the concave mir- 
ror, and after passing through the specimen was 
focused at the respective lens of  the Cranz-Schardin  
camera. The experimental arrangement used in the 
present study is shown elsewhere [15]. 

For  the present experimental study, eight specimens 
of  each type of  material were used, all having dimen- 
sions of 100mm • 25mm • 3mm and containing 
an artificial edge crack 8 mm long. The artificial initial 
cracks were sawn by means of  a fine saw-disc, so that 
the opening between the adjacent lips of  the artificial 
cracks was less than 0.3 mm. This kind of  specimen 
enables detection of  the process of crack initiation and 
observation of  the first stages of  crack propagation. 

Half  of the specimens were fractured at a loading 
rate producing a strain rate of  12 sec -~ while the rest 
of  the specimens were fractured at a strain rate of  
4 sec-~. It was therefore possible to follow the influ- 
ence of  the strain rate on the fracture process in the 
different materials. 

Specimens of  the same dimensions with those used 
in the dynamic fracture experiments were also used 
as control specimens for the evaluation of  Poisson's 

ratio, v. The specimens were loaded in tension in an 
Instron test machine, while electrical strain gauge sen- 
sors were used in the measurements of Poisson's ratio. 

An interferometric method was used [17] for the 
evaluation of  the stress optical constant ct of the 
materials investigated. Specimens in the form of  flat 
parallel-sided plates of  the same dimensions as those 
used in the fracture tests were used. Each specimen 
was mounted on an Instron test machine and loaded 
in tension, while at the same time monochromatic 
light with a wavelength 2 = 632.8 nm emitted from 
an H e - N e  laser was projected through the specimen. 
The reflected rays from each of  the faces interferes 
forming fringes on a reference plane placed at a dis- 
tance from the specimen. The laser light beam was 
plane polarized so that it could be aligned with one of 
the principal stress directions by angular rotation of  
the laser. 

Two measurements were executed along the two 
principal directions at a generic point of the field for 
a simple tension specimen, and if N~ and N2 are the 
numbers of  fringes counted along the two principal 
stress directions 1 and 2, when a particular load is 
applied to the specimen, the optical contains ~* and fl* 
can be evaluated from the following relations [11]: 

N~ N2 
~* - / ~ *  - ( 4 )  

2da 2da 

where o- is the applied stress and d the thickness of  the 
specimen. 

Then, the stress-optical coefficient ct may be found 
according to the formula 

-,~(~* +/~*) v 
Ct = 2 At- ~ (5) 

while the coefficient of  optical anisotropy, et, is given 
by 

;~(/~* - ~*) 
~t = (6) 

2C t 

5. Results and Discussion 
5.1. Material constants 
In order to evaluate the stress intensity factors using 
the method of  caustics it was necessary to calculate 
the Young's moduli (E), Poisson's ratios (v) and the 
stress-optical coefficients (ct) for the different materials. 
The results, given in Table I, show the expected trends 
since the Young's moduli decrease and the Poisson's 
ratios and stress-optical coefficients increase as the 
amount  of  rubber in the composites is increased. 
Although these values are strictly only applicable to 
low-rate tests, as is conventional [15, 16], they were 

T A B L E  I Experimental values of mechanical and optical char- 
acteristics for pure PMMA and rubber-modified grades 

Property Vp (%) 

0 10 20 40 

Tensile modulus (GPa) 3.4 2.4 2.2 1.5 
Poisson's ratio 0.34 0.35 0.38 0.40 
Stress-optical coefficient 0.560 0.776 0.835 1.442 
(Pa -1 • 10 1o) 
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TABLE II Initiation values of stress intensity factors and delay times for PMMA and rubber-modified grades measured for the two 
different strain rates 

Material Vp (%) 

0 10 20 40 

Strain rate (sec -~) 4 12 4 12 4 12 4 12 
K~I (MNm 3/2) 1.4 1.6 1.9 1.7 2.7 2.3 - 3.5* 
Delay time (#sec) ~ 0 ~ 0 200 2 340 4 450 10 

*Just before crack initiation. Probably not strictly valid value. 

used to calculate the dynamic stress intensity factors 
for the high-rate tests. 

5.2. Effect of loading rate on crack initiation 
The delay times before crack propagation took place 
after initial loading and breaking of  the silver contact 
circuit were determined using the high-speed photo- 
graphic technique and the values are listed in Table II. 
For  the pure PMMA it was not possible within the 
resolution of the apparatus (>  0.1 #sec) to measure 
any delay, as cracks were found to propagate as soon 
as the external load was applied and the optical set-up 
triggered. However, for the rubber-modified polymers, 
delays of the order of  several hundred microseconds 
were measured for the strain rate of  4 sec- 1 and a few 
microseconds for the higher strain rate of  12 sec -1. 

It can be seen from Table II that there is an increase 
in the delay times as the rubber content of the parti- 
culate composites increases, which is consistent with 
an increase in ductility in the materials. There is also 
a large decrease in delay time for each composite as 
the strain rate is increased, indicating a more brittle 
type of behaviour. The processes which take place 
during this initial loading period are shown in Fig. 2 
for the sample containing 40% of particles deformed 
at 4 sec 1 seen at 4 and 448 #sec after the load was 
applied. The caustic can be seen as a dark circular area 
and the diameter of  the caustic is related directly to K~ 
(through Equation 1) and so with the energy stored at 
the crack tip. Although the crack remains stationary 
the diameter of  the caustic increases during the delay 
period, corresponding to an increase in K~ due to crack 
tip blunting [1]. 

5.3. D y n a m i c  c rack  p r o p a g a t i o n  b e h a v i o u r  
Stress intensity factors and crack propagation veloc- 
ities were determined using the optical method of  caus- 
tics. Sets of typical photographs obtained during 
crack propagation are shown in Figs 3 to 6 for the four 
types of material. The stress intensity factors K~ can be 
determined from the diameters of the caustics through 

Equation 1. It can be seen by comparing the early 
frames of  Figs 3 to 6 that the diameters of the caustics, 
and hence the stress intensity factors at crack initia- 
tion, K~, increase with an increasing amount  of rubber 
in the polymer. The values of K~ for the different 
materials deformed at the two different rates are listed 
in Table II. The effect of loading rate upon K~I is rather 
complex, with it increasing with rate for the pure 
PMMA but decreasing with rate for the composites. 

It was pointed out in Section 3 that the optical 
method of caustics is based on the elastic solution of  
the singular stress distribution close to the crack tip, 
and can only therefore be strictly applied to brittle 
fracture. The behaviour of the PMMA containing 
40% of  particles is shown in Fig. 6, where distor- 
ted caustics can be seen at the tip of the crack both 
before and during crack propagation. This shows that 
under the conditions used, the material containing 
the highest amount  of rubber particles was too duc- 
ticle for valid dynamic stress intensity factors to be 
determined. Another indication of the ductility of the 
material was that the crack did not propagate perpen- 
dicular to the stressing direction (vertical in Fig. 6) but 
at an angle of about 83 ~ to this axis. The dynamic 
fracture behaviour of  the samples with the highest 
volume fraction of particles (40%) determined over a 
larger range of loading rates, and using different types 
and lengths of  cracks, will be the subject of future 
investigations and will not be discussed further here. 

Figs 7, 8 and 9 give the variation of the dynamic 
stress intensity factor K~ (normalized with respect to 
K~) with crack length for the different materials. It can 
be seen that in each case K~/~II is generally higher for 
the lower strain rates. It is also significant that for the 
two composite samples/~/K~ decreases abruptly soon 
after the crack starts to propagate (Figs 8 and 9). This 
is reflected in the reduction of the size of  the caustics 
with time in Figs 4 and 5. It is possible to obtain a clear 
idea of the dynamic propagation behaviour by com- 
paring a delay time in Table II with Figs 7, 8 and 9. 
In the case of pure PMMA, crack propagation takes 

Figure 2 Photographs of the caustics in the polymer containing 40% of rubber particles obtained at (a) 4 and (b) 448 #sec prior to crack 
propagation (strain rate = 4 sec- 1 ). 
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Figure 3 A series of photographs showing crack propagation in the pure PMMA (strain rate = 4 sec-I): (a) 2, (b) 5, (c) 9, (d) 17, (e) 21, 
(0 25 #sec. 

Figure 4 A series of photographs showing crack propagation in the polymer containing 10% of particles (strain rate = 12 sec-l): (a) 2, (b) 
3, (c) 5, (d) 7, (e) 9, (f) 10, (g) 14, (h) 18 #sec. 
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Figure 5 A series of photographs showing crack propagation in the polymer containing 20% of particles (strain rate = 12 sec-~): (a) 6, (b) 
7, (c) 8, (d) 13, (e) 15, (f) 19#sec. 

Figure 6 A series of photographs showing crack propagation in the polymer containing 40% of particles (strain rate = 12sec-~): (a) 5, (b) 
17, (c) 81, (d) 113, (e) 177, (f) 497#sec. 
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Figure 7 Variation of K~lK~l with crack length for pure PMMA: (e) 
strain rate = 4sec ~, (o) strain rate = 12sec-k 

place immediately the circuit is triggered and the size 
of the caustic (and hence K~) remains approximately 
constant. For the toughened grades of polymer, pro- 
pagation only occurs after a delay which increases as 
/~  increases. Once propagation takes place the crack 
grows very rapidly, probably with considerable excess 
energy, and Kid decreases with crack length (and time). 
This behaviour is interpreted in relation to crack tip 
blunting in the next section. 

5.4. T o u g h e n i n g  m e c h a n i s m s  
Fig. 10 shows the dependence of K~ upon the volume 
fraction of particles, V;, for two different testing rates. 
It can be seen that there is a continuous increase in the 
values of ~ as the amount of particles in the polymer 
increases. This is consistent with the improvement in 
impact properties which is found with such systems on 
the addition of the particles [20]. The dependence of 
/~  upon testing rate gives a useful insight into the 
toughening processes involved. It can be seen from 
Fig. 10 that for the pure PMMA /~  increases with 
increasing rate, whereas it decreases with rate for the 
composites. 

The behaviour of the pure PMMA is consistent with 
previous observations on high-speed crack propa- 
gation, where above crack velocities of the order 
of 1 m sec -1 the value of the stress intensity factor 
increases with increasing rate and velocity [1]. Initial 
crack velocities of the order of 200msec -1 were 
measured for the PMMA samples. 

In the case of the rubber-modified composite sam- 

0 
0 lO 20 

~(rnm) 

Figure 8 Variation of K~I/K~I with crack length for PMMA with 10% 
of particles (symbols have same meaning as in Fig. 7). 

~ _ _  

1 20 
a(rnrn) 

Figure 9 Variation of K#//s with crack length for PMMA with 20% 
of particles (symbols have same meaning as in Fig. 7). 

ples an increase in testing rate leads to a reduction in 
the value of/Q~, but with/~i always being higher than 
that for the pure PMMA. This behaviour is consistent 
with the toughening taking place through crack tip 
blunting [1]. Previous studies [5] have shown that the 
relatively small volume increases measured during 
the plastic deformation in rubber-toughened PMMA 
imply that the main deformation process induced 
by the presence of rubber particles is shear yielding, 
rather than crazing which is found in polymers such as 
high-impact polystyrene [4]. Increasing the rate of 
deformation will cause an increase in the shear yield 
stress of the rubber-toughened polymer. This leads to 
a sharper crack and a lower value of K~ at higher 
testing rates. 

The propagation behaviour of the composite sam- 
ples is also consistent with toughening taking place 
through blunting. In each case, the size of the caustic 
and hence the value of Kid decreases with increasing 
crack length (Figs 4 to 6). Local plastic deformation 
occurs during the delay period and propagation takes 
place by the crack bursting through the plastic zone 
with excess energy. In the case of the 40% volume 
fraction polymer (Fig. 6) high levels of toughening are 
obtained through gross plastic deformation taking 
place at the crack tip, making the linear elastic frac- 
ture mechanics analysis not strictly valid. 

6. Conclusions 
It has been shown that the optical method of trans- 
mitted caustics can be used to follow the increases in 
toughness which are found on the addition of second- 

z. 

2~ 

~ 2  

1 

~ lo io 3; so 
VpCO/o  

Figure 10 Dependence of K~I upon Vp for toughened PMMA (sym- 
bols have same meaning as in Fig. 7). 
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phase rubber particles to a poly (methyl methacrylate) 
matrix, because these particulate composites retain 
good transparency. It has been found that there is 
a continuous increase in the initiation value of the 
dynamic stress intensity factor as the volume fraction 
of particles increases. The indications are that the 
principal toughening mechanisms is shear yielding 
which causes crack tip blunting in the composites. 
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