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Abstract

The fracture behavior of composite rubber particle-toughened polymethylmethacrylate has been investigated over a wide range of test speeds,

encompassing impact conditions. When the entanglement density of the matrix was increased and its glass transition temperature reduced by

copolymerization, there were significant increases in the crack initiation and propagation resistance of the particle-toughened materials at low to

intermediate speeds. At impact speeds, on the other hand, where crazing became the dominant matrix microdeformation mechanism in all the

materials investigated, the fracture response of the copolymer matrix was closer to that of the polymethylmethacrylate homopolymer, and the

toughening effect of the rubber particles was no longer effective in either case. This is discussed in terms of the onset of the matrix b transition,

associated with the transition from shear to crazing, and the a transition of the rubber domains, both of which occurred in the temperature range

immediately below room temperature in low frequency dynamic torsion measurements.
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1. Introduction

Polymethylmethacrylate (PMMA) is a glassy amorphous

polymer with excellent optical properties and long-term

stability in comparison with relatively tough transparent

polymers, such as polycarbonate (PC). However, PMMA has

the disadvantage of poor impact toughness, which makes it

unsuitable for many engineering purposes. To broaden the

range of application of PMMA, various strategies may be

envisaged. One approach consists of adding well dispersed

rubber particles to the matrix (or, as in the present case,

composite core/shell rubber particles [1]). Given a suitable

choice of particle size and the chemical composition, this can

lead to substantial improvements in impact resistance without

significantly compromising the optical properties [2,3]. A

second approach is to improve the mechanical behavior of the

matrix by altering its chemical characteristics, for example, by

introduction of a suitable comonomer during synthesis [4]. A

third approach, which will be explored here, is to exploit the
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potentially cumulative effects of combined rubber toughening

and matrix modification on the overall toughness.

The intrinsic rate sensitivity of polymer mechanical proper-

ties makes it important to develop characterization techniques

that cover the full range of loading rates likely to be

encountered in practice, including those associated with

impact. Indeed, given that most polymers tend to undergo a

ductile-brittle transition as the loading rate is increased, an

understanding of the rate dependence of the competition

between the different microdeformation mechanisms associ-

ated with such transitions (cavitation, crazing, homogeneous

shear), and how it is influenced by the properties of the matrix

and the particles, is important for interpretation and the rational

development of impact resistant materials [5]. In the present

work, fracture mechanics-based tensile and compact tension

tests on bulk specimens of modified PMMA over a wide range

of test speeds have, therefore, been combined with studies of

the associated microdeformation mechanisms, based on: (i)

scanning electron microscopy (SEM) and transmission electron

microscopy (TEM) observations of the crack tip damage

mechanisms in bulk specimens [6–10]; (ii) low-dose TEM

studies of microdeformation in thin electron transparent films

deformed over a comparable range of test speeds, using the

copper grid technique [11]. The aim has been to establish a link
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between the observed microdeformation mechanisms and the

global mechanical behavior, and hence explore the potential

for synergy between matrix modification and rubber toughen-

ing in the fracture response.
Fig. 1. Schematic of the basic composite core/shell rubber particle geometry.
2. Experimental

2.1. Materials

The matrices chosen for study were PMMA-based

copolymers, supplied by Atoglas (Arkema). They are listed

in Table 1, along with the corresponding values of the glass

transition temperature, Tg, measured by differential scanning

calorimetry heating scans at 10 K/min, the weight average

molar mass, Mw, measured by gel permeation chromatography

and the entanglement molar mass, Me, estimated from the

rubbery plateau modulus in dynamic mechanical analysis

temperature sweeps at 1 Hz [12]. The polymer referred to as

V825-LC in Table 1 was essentially a PMMA homopolymer

that contained residual amounts of an acrylic-based co-

monomer, whose role is generally to stabilize the polymer

chains with respect to unzipping reactions provoked by

chemical degradation. However, in V825-HC the proportion

of comonomer was significantly increased, resulting in the

property changes indicated in Table 1. V825-LC and V825-HC

and the corresponding rubber toughened grades provide the

focus in what follows, although reference will also be made to

intermediate matrix compositions in the discussion.

The composite core/shell rubber particles were also

supplied by Atoglas. The basic particle morphology (Fig. 1)

was obtained by emulsion polymerization, giving a glassy

PMMA-rich core surrounded by an inner rubbery shell and an

outer grafted PMMA shell, whose purpose was to ensure good

adhesion with the matrix. The overall diameter of the particles

referred to here as 3LA was approximately 250 nm. Two

further types of particle, 3LB and 3LC, were also investigated

in order to confirm or otherwise the generality of the

observations made with the 3LA particles. They were produced

in the same way as 3LA, but the rubbery shell was relatively

lightly cross linked in the 3LB particles, and somewhat thicker

in the 3LC particles. The two different matrices were combined

with 47 wt% particles in the form of 70!100 mm2 injection

molded plaques.
2.2. Mechanical characterization

Simple tensile tests were performed at 10K4, 10K3 and 5!
10K3 m/s at room temperature using a screw driven tensile test

machine (UTS Testsysteme GmbH) and the specimen
Table 1

Characteristics of the matrix materials

Mw (g/mol) Me (g/mol) Tg (K) Bending mod-

ulus (GPa)

V825-LC 93,000 10,242 385 3.4

V825-HC 159,510 5023 337 2.8
geometry illustrated in Fig. 2(a) (thickness 4 mm). Overall

stresses and strains were calculated according to the following

definitions:
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where F is the force, L is the specimen gage length, L0 is the

initial gage length (about 15 mm), S is the cross-section and S0
is the initial cross-section. In ductile specimens, which showed

a clear yield drop, the yield stress, sy, was taken to correspond

to the first maximum in the stress strain curve.

To characterize the crack initiation and propagation

behavior, tensile tests were carried out on notched compact

tension (CT) specimens (Fig. 2(b)) using a Schenck Hydropuls

POZ1152 servo-hydraulic apparatus. Force–displacement

curves were obtained at room temperature (RT) at speeds

from roughly 10K4 to 9 m/s. Each material was tested at least

three times at each speed, and the data given in what follows

correspond to average values for the three tests. A maximum

stress intensity factor, Kmax, was determined from
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where Fmax is the force maximum in the tensile test, a is the

crack length, B is the thickness of the specimen and W is its

width (Fig. 2(b)). f(a/W) is given by
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for the geometry in Fig. 2(b) [5]. Kmax is equivalent to the mode

I critical stress intensity factor for crack initiation, KIC when

the strict conditions for linear elastic fracture mechanics

(LEFM) testing are met, in which case the following criteria

should be fulfilled [13]:
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Fig. 2. Specimen geometries for (a) simple tensile tests and (b) fracture tests (lengths in millimeters).
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In the present case, deviations from LEFM conditions were

apparent at relatively low speeds, and transient acceleration at

high speeds also led to spurious curvature of the force–

displacement curves at small deformations. This was in part

due to the use of a damping system to eliminate dynamic

effects at test speeds greater than about 0.1 m/s, and hence

maintain quasi-static conditions up to the highest speeds

investigated [14]. The results are, therefore, given in terms of

Kmax rather than KIC. Although Kmax cannot necessarily be

considered an intrinsic materials parameter, its providing a

conservative estimate of KIC when LEFM conditions are not

met, it remains a useful quantity for comparing the crack

initiation behavior of the different materials and their behavior

under different conditions, particularly if, as in the present case,

a single test geometry and test method are employed over the

whole range of test speeds of interest [15]. An approximate

measure of the crack propagation energy, Uprop, and hence an

indication of the crack propagation mode, was provided by the

area under the force–displacement curve for FOFmax, as

shown schematically in Fig. 3.
Fig. 3. Schematic of the force/displacement curve obtained during a CT test,

illustrating quantities referred to in the text.
2.3. Morphological characterization

Two basic techniques were used for morphological

characterization:

1. Post mortem sectioning from the crack tip region in bulk

compact tensile (CT) specimens for scanning electron

microscopy (SEM; Philips XL30 equipped with a field

emission gun) or transmission electron microscopy (TEM;

Philips CM20 operated at 200 kV) [7].

2. Deformation and TEM observation of thin sections taken

from the bulk specimens, using the copper grid technique

[11].

TEM micrographs of 100 nm thick ultramicrotomed

sections (Reichert-Jung Ultracut E/Diatome 358 diamond
knife) taken from undeformed RuO4-stained [6,7,16–18]

specimens containing the different types of particle and

mounted on carbon/colloidon covered copper grids are shown

in Fig. 4(a) and (b). In each case, the most heavily stained

(darkest) regions correspond to the rubbery phase. The outer

grafted layer of PMMA was indistinguishable from the matrix,

but the proportions of the core and rubbery shell estimated

from the micrographs were in approximate agreement with the

values given by the supplier. It should nevertheless be borne in

mind that the observations were derived from sections taken at

arbitrary positions with respect to those of the particles, so that

the images of these latter did not necessarily correspond to

diametric sections. Staining of the microtomed surfaces with

RuO4, followed by gold coating to prevent charging, again

resulted in pronounced contrast between the rubbery layers of

the particles and the surrounding glassy material in the SEM, as

shown in Fig. 4(d). The main interest of SEM for the

observation of bulk specimens, apart from the relatively

straightforward specimen preparation, is that it can provide

both local detail and an overview of the damage zone (in TEM,



Fig. 4. TEM images of thin films of (a) V825-LC/3LA, (b) V825-HC/3LB and (c) V825-HC/3LC stained with RuO4 and (d) SEM image of V825-HC/3LC stained

with RuO4.

Fig. 5. G 00 at 1 Hz from dynamic torsion measurements on the different

matrices.

Table 2

Ta and Tb for the different matrices from dynamic torsion measurements at 1 Hz

Ta (K) Tb (K) TaKTb (K)

V825-LC 397 280 117

V825-HC 353 263 90
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inhomogeneous staining/sectioning and the presence of the

copper grid may obscure certain parts of the crack tip zone, and

low magnification imaging is less satisfactory).

To minimize relaxation of the crack tip damage zone in the

deformed CT specimens, the crack faces were wedged open

either while still under load, or, where the test speed was

relatively high, immediately after testing [5,15]. In order to

obtain a limited amount of stable crack growth at the highest

speeds, two specimens were tested in series so that failure of

one resulted in instantaneous unloading of the other, as

described elsewhere [5]. The area around the crack tip was

stained in order to provide sufficient contrast for SEM or TEM

and to stabilize the specimen mechanically with respect to

beam damage. This typically involved overnight exposure to

RuO4 vapor [7,16–18,20], which was able to diffuse into the

crack tip deformation zone via the crack tip [10,19,21,22]. An

internal surface from around the crack tip was then exposed

using the ultramicrotome and gold coated for SEM observation

and/or sectioned for TEM as described previously.

Deformation of films of sufficiently low thickness (%
200 nm) for TEM observation in situ provided a convenient

alternative to sectioning of bulk specimens. Sections of about

2!5 mm2 in area were prepared by microtoming undeformed

specimens of the various materials and floated onto distilled

water, where they were exposed to chloroform vapor for a few

minutes in order to relax any microtome induced damage. They

were then picked up on annealed copper grids coated with a

thin layer of the matrix polymer, to which they were bonded by

a further short exposure to the solvent. After drying, the films

were deformed in tension to a strain of about 10% along the

grid diagonals at different speeds (from 1.7!10K6 to 1 m/s)

using either a miniature tensile test machine (Minimat,

Polymer Laboratories) or a simple falling weight apparatus

for the highest speeds [23]. Plastic deformation of the copper

grid maintained the films under tension after straining, so that

individual grid squares could be observed by TEM without

excessive relaxation of any deformation induced structure.

RuO4 staining was not used, because deformation in the form

of cavitation or local necking generally resulted in adequate

mass thickness contrast, provided the TEM images were

recorded under low dose conditions, that is, conditions under

which there was relatively little electron damage to the films,

i.e. loss of detail and excessive specimen movement during

observation.
3. Results

3.1. Dynamic torsion

Fig. 5 shows temperature sweeps of the loss modulus, G 00,

from dynamic torsion tests on 64!12!2 mm3 rectangular

bars of the different matrices, obtained using a Rheometrics

ARES (Advanced Rheometric Expansion System) at a constant

frequency of 1 Hz and a maximum deformation of 0.1%.

Consistent with the observed evolution of Tg (Table 1), Ta

decreased with increasing comonomer content. On the other

hand, the position of the main secondary relaxation peak

corresponding to the rotation of methyl ester groups about the

main chain axis [24], designated Tb in Fig. 5, was relatively

insensitive to the comonomer content, so that TaK Tb

decreased from about 177 K in V825–LC to 90 K in V825–

HC (Table 2). The strength of the b relaxation was nevertheless

somewhat reduced in V825-HC. The influence of the particles

on G 00 is shown in Fig. 6, where the responses of V825-LC,

V825-LC/3LB, V825-HC and V825-HC/3LC are compared. Ta

was unchanged on particle addition, but the effective b



Fig. 6. G 00 at 1 Hz from dynamic torsion measurements on (a) V825-LC and V825-LC/3LB, and (b) V825-HC and V825-HC/3LC.
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transition was dominated by the glass transition of the rubbery

phase of the particles (about 250 K in each case), which partly

masked the b transition of the matrix.

3.2. Simple tensile tests

Representative stress-strain curves are given in Fig. 7 for

V825-LC and V825-HC in simple tension, with and without

particles and at different test speeds. At a test speed of 10K

4 m/s, a high comonomer content led to a transition from

brittle to ductile behavior in the matrix, as shown in

Fig. 7(a), accompanied by a decrease in sy as defined in

Section 2. Extensive yielding did not occur in the V825-LC

under these conditions, whereas V825-HC showed a clear

yield drop and ductile necking prior to failure. Particle

addition to V825-LC also led to a marked increase in
Fig. 7. Stress/strain curves in simple tension: (a) V825-LC and V825-HC at 10K4 m

V825-HC/3LA, V825-HC/3LB and V825-HC/3LC at 10K4 m/s; (d) V825-HC/3LC
ductility at the same test speed, as shown in Fig. 7(b), with

the 3LB particles giving a marginally lower sy and a

significantly higher strain to break than the 3LA particles.

Similar qualitative trends were observed on particle addition

to V825-HC (Fig. 7(c)), but the absolute values of sy were

consistently lower than those for the corresponding particle-

toughened V825-LC grades. Results are also given in

Fig. 7(c) for V825-HC/3LC, which showed nearly identical

behavior to V825-HC/3LB. Increasing the test speed led to

systematic increases in sy in all the materials and decreases

in the strain to break, as illustrated by the stress–strain curves

for V825-HC/3LC in Fig. 7(d). The evolution of sy with test

speed was similar in all the materials, analysis in terms of

the Ree-Eyring model for rate-activated yielding leading in

each case to an activation volume close to the reported value

of about 1 nm3 for PMMA [25–27].
/s; (b) V825-LC, V825-LC/3LA and V825-LC/3LB at 10K4 m/s; (c) V825-HC,

at different test speeds.



Fig. 8. Schematic representation of typical force/displacement curves in CT specimens showing the different regimes of behavior referred to in the text [22].
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3.3. Fracture tests

Fig. 8 is a schematic representation of the force–

displacement response in a CT specimen, based on previous

observations of particle-toughened PMMA, which defines the

various types of behavior to be referred to in what follows [5].

Transition s–u is a transition from stable to partly unstable

behavior, generally with increasing test speed. At speeds below

this transition, the fracture surface is strongly stress whitened

in the particle-toughened grades. At higher speeds, stress

whitening is only visible over part of the fracture surface,

although the initial mode of fracture remains essentially

ductile. Transition d–sb marks the onset of unstable failure

for deformations immediately beyond the force maximum

(semi-brittle behavior) and transition sb–b marks the onset of

fully unstable failure at the force maximum (brittle behavior).

3.3.1. Matrix behavior

As shown in Fig. 9(a), the fracture behavior of V825-LC and

V825-HC was broadly similar, and, although V825-HC

showed a slightly higher crack initiation resistance (higher

Kmax) at high speeds, this trend was apparently reversed at low

speeds. Kmax was nevertheless relatively low in both matrices,

reflecting their qualitatively fragile behavior, with unstable

crack propagation being observed immediately beyond the

force maximum (Upropz0). Fig. 10 shows the fracture surfaces

for V825-LC and V825-HC (the notch and the pre-crack are on

the left-hand side of each image). The V825-LC fracture

surfaces were consistent with fully unstable crack propagation

over the whole range of test speeds investigated, with no

evidence of ductility even close to the crack tip. The V825-HC

fracture surfaces were similar, but some roughness was visible

along the crack path, assumed to be due to multiple crazing

and/or crack bifurcation.

3.3.2. Particle-toughened materials

The particles had a marked effect on the fracture resistance

of V825-LC, with Kmax increasing by a factor of up to 2 over

that of the matrix, as shown in Fig. 9(b). Crack propagation
also became relatively stable, as reflected by Uprop (Fig. 9(c)).

V825-LC/3LB showed better crack initiation resistance than

V825-LC/3LA in that Kmax was significantly increased over the

whole range of test speeds, although Uprop was higher in V825-

LC/3LA at high speeds. Fig. 10 shows the associated fracture

surfaces. Stress whitening was visible over the whole of the

fracture surfaces for V825-LC/3LA tested at 0.0001 and

0.001 m/s. At higher speeds, stress whitening remained

widespread, but was less intense, although Uprop remained

roughly constant and Kmax even increased slightly in this

regime, as shown in Fig. 9(b) and (c). Fracture surfaces for

V825-LC/3LB tested at 0.0001 and 0.001 m/s, on the other

hand, showed only partial stress whitening, and the behavior

was, therefore, qualified as partly unstable. Kmax and Uprop

were nevertheless higher than for 3LA at these relatively low

speeds (Fig. 9(b) and (c)). Full stress whitening and fully stable

crack propagation were seen in V825-LC/3LB between 0.01

and 0.5 m/s, as for V825-LC/3LA, but at 1–9 m/s there was a

transition to fully unstable crack propagation, associated with a

marked decrease in Uprop.

Combining the more ductile matrix, V825-HC, with 3LA

and 3LB particles also resulted in increased Kmax with respect

to that of the matrix over the whole range of test speeds, as

shown in Fig. 9(d). As with V825-LC, the 3LB particles gave

better reinforcement than the 3LA particles in terms of Kmax,

but they also gave very low Uprop at speeds greater than 0.1 m/s

(Fig. 9(e)). The fracture surfaces for V825-HC/3LA at

0.0001 m/s (Fig. 10) showed intense stress whitening. At

0.001 m/s, the fracture surface was less regular, and, although

the whitened zone remained extensive, a zone of unstable crack

propagation corresponding to the final stages of fracture was

also apparent, consistent with the drop in Uprop observed in this

regime. Between 0.01 and 0.5 m/s, the fracture surfaces were

less intensely stress whitened, but crack propagation was fully

stable. Finally, at higher speeds, crack propagation was partly

unstable, although Kmax remained relatively high.

Crack propagation in V825-HC/3LB was more stable than

in V825-LC/3LB at low speeds, as reflected by the extensive

stress whitening of the corresponding fracture surfaces



Fig. 9. (a) Kmax for CT specimens of the different matrices as a function of test speed; (b) Kmax for CT specimens of V825-LC and particle-toughened V825-LC as a

function of test speed, (c) corresponding crack propagation energy; (d) Kmax for CT specimens of V825-HC and particle-toughened V825-HC as a function of test

speed and (e) corresponding crack propagation energy.
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(Fig. 10), but became fully unstable above 0.1 m/s. Combining

V825-HC with the 3LC particles also led to extensive stress

whitening between 0.0001 and 0.01 m/s, and fully stable crack

propagation. However, the performance was particularly poor

at 0.1 m/s and above, where Kmax and Uprop fell to values close

to those obtained for the matrix (Fig. 10(d) and (e)), and crack

propagation was already fully unstable.
Fig. 10. Typical fracture surfaces from V825-LC, particle-toughened V8
Kmax and Uprop are summarized in Fig. 11 for the 3LA and

3LB particle-toughened materials. The effect of a high

comonomer content in specimens toughened with 3LA

particles was generally to improve Kmax and Uprop at low

speeds. However, at high speeds (above about 0.1 m/s), Uprop

and Kmax were slightly reduced in V825-HC/3LA. In the case

of the 3LB particles, the differences in Kmax were less marked
25-LC, V825-HC and particle-toughened V825-HC CT specimens.



Fig. 11. (a) Maximum stress intensity factor for CT specimens of the different matrices toughened with 3LA particles; (b) crack propagation energy corresponding to

(a); (c) maximum stress intensity factor for CT specimens of the different matrices toughened with 3LB particles; (d) crack propagation energy corresponding to (c).
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at low speeds, but Uprop was again significantly greater in

V825-HC/3LB than in V825-LC/3LB. At high speeds, Kmax

and Uprop, were also somewhat reduced in V825-HC/3LB. A

systematic comparison was not made in the case of the 3LC

particle-toughened grades.
3.4. Crack tip microdeformation mechanisms in the bulk

The SEM and TEM images in Figs. 12 and 13,

respectively, show details from a relatively heavily stained

flame-shaped region around the crack tip in a V825-LC/3LA

CT specimen tested at 0.5 m/s, which represents the threshold

of the high speed regime of fracture behavior. Well-defined

bundles of crazes were apparent at the crack tip and also at the

periphery of the stained region, and indeed TEM suggested

crazing to be present throughout this region. Cavitation of the

rubbery shells of the particles was also visible, and severe

shear deformation in the immediate vicinity of the crack tip

was inferred from the distortion of the particle cores. V825-

HC/3LA deformed under the same conditions (Figs. 14 and
Fig. 12. SEM images of the crack tip zone of V825-LC/3LA deformed at 0.5 m/s, usi

and stained with RuO4: (a) overview of the crack tip deformation zone; (b) crack t
15) showed far more limited crazing (only visible in the TEM

images), but shear deformation was again inferred to be

present at the crack tip. Cavitation of the rubbery shells of the

particles was evident throughout the stained region, which

was about the same size as that in V825-LC/3LA. This is

consistent with the observation of comparable Kmax and Uprop

in the two grades at 0.5 m/s, although the size of the stained

region cannot be interpreted directly as a plastic zone size

because it depends on the extent of RuO4 penetration around

the crack and hence on the percolation of cavitational

deformation mechanisms such as crazing or cavitation of the

particles. Indeed, optical images of semi-thin sections from

the crack tip regions of the same specimens indicated some

form of damage, tentatively identified with particle cavitation,

to extend to up to 1–2 mm from the crack tip in both cases.

In V825-LC/3LA deformed in the low speed regime

(10K4 m/s), some crazing was visible at the crack tip and in

the wake of the crack, and particle cavitation remained

evident. On the other hand, TEM images of the damage

zone in V825-HC/3LA deformed at the same speed
ng the twin method to obtain crack arrest after a limited amount of propagation,

ip; (c) periphery of the deformation zone.



Fig. 13. TEM images of a thin section taken from the same specimen as in Fig. 12: (a) the crack tip; (b) detail of crazing/particle cavitation; (c) and (d) images from

the periphery of the damage zone.
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(Fig. 16) showed very little crazing. Particle cavitation was

still visible, however, and shear deformation was also

apparent around the crack tip. As shown in Fig. 17, the

overall dimensions of the crack tip damage zone were very

much greater in V825-HC/3LA than in V825-LC/3LA at

10K4 m/s, consistent with the greater Kmax observed in

V825-HC/3LA (Fig. 9).
3.5. Thin film deformation

Crazing was the dominant deformation mechanism in V825-

LC thin films at intermediate test speeds. The corresponding
Fig. 14. SEM images of the crack tip zone of V825-HC/3LA deformed at 0.5 m/s, us

and stained with RuO4: (a) overview of the crack tip deformation zone; (b) crack t
TEM images (Fig. 18(a)) showed voids and fibrils within the

deformed regions, although the structure of the craze interiors

was often relatively homogeneous, an effect that has been

attributed previously to fibril coalescence [11]. TEM obser-

vations of thin films of V825-HC suggested more widespread

shear deformation (Fig. 18(b)). Homogeneous (non-fibrillar)

deformation zones and shear bands whose trajectories were

orientedwith respect to the tensile axis coexistedwith craze-like

regions of higher extension ratio, but these latter did not show a

well defined fibrillar structure. Such behavior is consistent with

the more ductile tensile response seen in the bulk specimens of

V825-HC, particularly at low speeds, where shear deformation
ing the twin method to obtain crack arrest after a limited amount of propagation,

ip; (c) periphery of the deformation zone.



Fig. 15. TEMimagesof a thin section taken from the same specimenas inFig. 14:

(a) overview of the crack tip; (b) and (c) details from around the crack tip.
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dominated in the thin films. Similarly, at high speeds, thin films

of thematrices becamequalitatively brittle, in that they tended to

break down in the early stages of straining.

As shown in Fig. 19, the deformation speed also influenced

the microdeformation mechanisms in thin films of the particle-

toughened materials. In V825-LC/3LA tested at low speeds

(1.7!10K6 and 1.7!10K5 m/s) a few short, wide crazes were
Fig. 16. TEM images of the crack tip damage zone of V825-HC/3LA deformed

at 10K4 m/s using the twin method: (a) the crack tip; (b) and (c) details from

around the crack tip.
visible in regions of the matrix between the particles, but the

dominant deformation mechanism was extensive cavitation in

the rubbery layers of the particles, leading to fibrillar

deformation zones at the particle poles (with respect to the

deformation axis) as has been described in detail elsewhere

[7,28]. As the speed was increased to 1 m/s, however, more

numerous, higher aspect ratio crazes appeared in the matrix and

the extent of deformation of the particles diminished, with the

implication that the particles were no longer as effective as

‘craze stoppers’. Indeed, the micrograph in Fig. 19 suggests the

craze trajectories to run through the particles themselves. The

films also became qualitatively brittle under these conditions.

In V825-HC/3LA, extensive cavitation of the rubbery layers

was observed at low speeds but crazing was largely absent, in

accordance with the bulk observations (cf. Fig. 16). The main

failure mode was the establishment of continuous paths of

cavitated material associated with the rubbery shells of the

particles, followed by homogenous deformation of the

remaining matrix ligaments. At 1 m/s, however, V825-

HC/3LA showed very similar behavior to V825-LC/3LA.

Crazes with relatively high aspect ratios were clearly visible,

with certain craze trajectories crossing individual particles, and

the films were again qualitatively brittle. In V825-HC/3LB,

cavitation and fibrillation of the rubbery layers of the particles

were somewhat coarser than in V825-HC/3LA at all speeds,

and crazing was less in evidence at 1 m/s, although the films

remained relatively brittle.

4. Discussion

Given that increasing the comonomer content of the

copolymers investigated here reduced Tg and Me significantly,

it follows from established models for the effect of the

entanglement density, ne [29,30], that the resistance to crazing

and hence the macroscopic ductility should improve. This was

borne out in the present case by the behaviour in simple

tension, and the trend towards increased ductility with

increased comonomer content was confirmed in tests on

copolymers with intermediate compositions. However,

because of the proximity of Tb to room temperature in all the

materials investigated, the b relaxation is also expected to play

an important role in the strain rate sensitivity of the competing

deformation mechanisms, namely simple shear and crazing, as

has been discussed elsewhere for other types of copolymer, in

which the strength and temperature of the b relaxation vary

systematically [11]. Thus, although copolymers with inter-

mediate comonomer contents were relatively ductile in simple

tension at low strain rates, they became brittle as the strain rate

increased within the limited range investigated. Indeed, in CT

tests, where the triaxiality at the crack tip raised the effective

yield stress, the behaviour of the copolymers remained brittle

over the whole range of compositions and test speeds

investigated, in spite of their improved ductility in simple

tension. In the limiting case of a crack propagating through a

single crack tip craze, which is to some extent justified in

PMMA, the critical stress intensity factor KC, may be shown to

scale as (DE/sc)
1/2sf [31], where E is the Young’s modulus, D



Fig. 17. Optical microscopy images of the damage zone in (a) V825-LC/3LA and (b) V825-HC/3LA, deformed at 10K4 m/s.
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is the center-to-centre fibril spacing, sc is the stress at the craze

interface and sf is the ultimate failure stress of a craze fibril.

Assuming this to provide an indication of trends in KIC, and

given that the conditions for KIC testing were generally met in

the CT tests on the various matrices, it appears that any benefit

from increasing ne by increasing the comonomer content

(which will tend to increase sf) is offset by other factors such as

increased sc or decreased stiffness (cf. Table 1). Proximity of

the (constrained) yield stress to the crazing stress at high

comonomer contents may explain the apparent trend towards

multiple crazing and/or crack bifurcation seen at high speeds,

but this again had little apparent effect on KIC.

The effects of matrix modification on the mode I fracture

response were far more marked in the particle-toughened

materials tested at low speeds, with increased crack propa-

gation resistance at high comonomer contents for all types of

particle tested. Given the relatively high particle contents,

cavitation of the particle cores was apparently sufficient to

release constraints on local yielding without the need for

extensive crazing, which has been argued to be necessary for

constraint release at lower particle contents [7]. In the present

case, low speed facture tets were generally occompanied by

extensive particle cavitation at the crack tip and stable or partly

unstable crack propagation, regardless of the particle type.

There was some suggestion from the thin film tests that

cavitation and the associated fibrillar structure linking the outer

shell and the inner core in the 3LC particles after deformation,

were relatively coarse. This may have been due to the increased

thickness of the rubbery shell in these particles, and is thought

to account for their poor performance at intermediate to high

speeds. However, the most significant result from the thin film

tests was that whereas crazing was absent in the particle-
Fig. 18. TEM images of a thin film of (a) V825-LC and (b) V
toughened films with high comonomer contents tested at low

speeds, it was clearly present in all the grades tested at high

speeds. This confirmed what was tentatively inferred from

TEM of thin sections taken from the CT specimens: (i) at low

speeds V825-LC/3LA and V825-LC/3LB showed crack tip

crazing, but crazing was suppressed in V825-HC/3LA; (ii)

crazing became more intense at crack tips deformed at higher

speeds and was also present in V825-HC/3LA.

The onset of brittle behaviour in the rubber-toughened

grades might be inferred on the above basis to be associated

with a transition to crazing in all the matrices, regardless of the

presence of the comonomer, and indeed similar behaviour was

observed in specimens with intermediate comonomer contents.

As mentioned previously, it may be significant in this respect

that the b transition was relatively weakly influenced by the

presence of the comonomer, the b transition’s often being

associated with temperature- or rate-induced transitions from

shear to crazing [11,32]. However, the observation that the

relatively long, high aspect crazes observed at high speeds in

the thin films tended to pass through the particles without

deviating suggested that it was the a transition of the rubbery

layers (which coincided roughly with the matrix b transition)

that limited performance in this regime. Rubber toughening

can remain effective even in regimes dominated by crazing as

borne out by the behaviour of the V825-LC based materials. On

the other hand, if the rubber inclusions show increasingly

glassy behaviour at high speeds, the stress concentrations that

give rise to cavitation and/or delocalization of crack tip

microdeformation at low speeds will no longer be effective. In

view of the brittle behaviour of notched specimens of the

unmodified matrices over the whole range of speeds

investigated, the response of the rubber particles, therefore,
825-HC subjected to about 10% strain at 1.7!10K6 m/s.



Fig. 19. Images of microtomed thin films of V825-LC/3LA, V825-HC/3LA and V825-HC/3LB deformed to 10% at different speeds.
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limits the high speed performance in the present case, and

synergistic effects are no longer possible.
5. Conclusion

It has been shown that increasing the comonomer content of

PMMA-based copolymers decreases the transition tempera-

tures corresponding to both the a and b relaxations, but that the

a transition temperature, which corresponds to the glass

transition, is more strongly reduced than the b relaxation

temperature. The dominant room temperature deformation

mode at low comonomer contents is crazing, whereas

homogeneous shear deformation replaces crazing as the

comonomer content increases and entanglement density

decreases. The improved matrix ductility leads to increased

crack propagation resistance in the particle-toughened grades

at low speeds, without reducing Kmax. On the other hand, the

fracture performance diminishes significantly in all the grades

at high speeds. This might be imputed to the transition from

shear to crazing with increasing test speed observed in

specimens with high comonomer contents. However, attenu-

ation of the particle toughening effect at high speeds associated

with the a transition of the rubbery phase is argued to limit

fracture performance, regardless of the matrix microdeforma-

tion behavior. For the present series of particles, whose

chemical composition and hence physical characteristics are

constrained by the need to maintain good optical transparency,

the advantages of matrix modification did not extend to high

speeds if Kmax or the crack propagation energy were used as
toughness criteria. Improved performance of the toughening

particles would, therefore, appear to be a prerequisite for the

benefits of improved matrix ductility to be effective during

mode I opening under impact conditions.
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