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ABSTRACT: The fracture behavior of blends of poly(vinylidene flu-

oride) and poly(methyl methacrylate) was investigated all over

the composition range. A detailed analysis of the net stress ver-

sus crack opening displacement curves was performed. Fracture

surface observations allowed statements on the process zone

characteristics ahead of the crack tip. For the amorphous blends,

the crack initiation energy is well related to the glass transition

temperature. For the semicrystalline blends, the fracture energy
is correlated with the degree of crystallinity.

KEYWORDS: blends; crack initiation; crack propagation; fracture;

fracture toughness; mechanical properties; poly(methyl meth-
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INTRODUCTION After extensive studies starting in the 1970s

in relation to miscibility and piezoelectric properties,1–6 the

blends of poly(vinylidene fluoride) (PVDF) and poly(methyl

methacrylate) (PMMA) got a renewal of interest in recent

years with studies aiming at assessing their mechanical

behavior.7–9 By increasing the PVDF content, these blends

present a transition from amorphous to semicrystalline

structure, which is likely to affect most mechanical proper-

ties. Right now, emphasis has been put on the stress–strain

behavior of the blends in tension and compression7,8 over

the low deformation range covering the elastic, anelastic,

and viscoplastic response and molecular interpretations have

been proposed.9 The aim of the present communication is to

complement this analysis with the characterization of some

failure properties, including toughness, in connection to

blend relaxation and crystallization features.

EXPERIMENTAL

Materials and Blending Conditions

The PVDF/PMMA blends were prepared from the homopoly-

mers PVDF Kynar
VR

721 and PMMA Oroglas
VR

V825, both

kindly provided by the company Arkema France. Blending

was achieved by co-precipitation from a homogeneous

solution. For this purpose, a dilute solution was prepared by

dissolving 5 wt % of the two polymeric materials in dime-

thylformamide, under a continuous stirring at 50 �C. To

ensure a complete dissolution, stirring duration was as long

as 48 h for the amorphous blends and 72 h for the semicrys-

talline ones. Then, PVDF and PMMA were co-precipitated by

pouring the solution drop by drop into a large excess of

water. Finally, the polymeric powder was dried at 100 �C for

about 6 h in a vacuum oven. The blends were then compres-

sion-molded in the form of 5-mm thick sheets. Molding was

carried out at 200 �C under 100 bars for 45 min and fol-

lowed by a slow cooling down below the glass transition.

For the semicrystalline blends, further annealing was carried

out at 150 �C (an intermediate temperature between the

glass transition and melting temperatures) for 60 h to stabi-

lize the sample to its maximum degree of crystallinity, v.

Samples of the geometry required by the various mechanical

tests were machined out of the sheet. Blend identification is

based on weight composition. For instance, %F ¼ 20 or F/M

20:80 identifies a blend containing 20 wt % of PVDF and 80

wt % of PMMA.

Blend Main Characteristics

As detailed elsewhere,7,9 either amorphous or semicrystalline

blends are produced, depending on the fraction of PVDF.

Typically, the blends remain amorphous when their PVDF

content is less than about 50 wt %. Blend composition influ-

ences the values of the glass transition temperature, and

presence of amorphous PVDF segments constrained by the

crystallites has been evidenced in the most crystalline

blends. Using data taken from ref. 9, Table 1 recalls the main

characteristics of the blends under study, namely overall

weight percentage of PVDF, %F, glass transition temperature,

Tg
FM, degree of crystallinity, v and PVDF wt fraction in the

amorphous phase, WF
a defined as follows:

WF
a ¼ ð%F� vÞ=ð100� vÞ (1)
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Fracture Energy Measurements

The determination of the toughness was performed on single

edge notch bending (SENB) specimens for which characteris-

tic dimensions were kept constant: thickness T ¼ 5 mm,

width W ¼ 12 mm, crack depth a ¼ 5 mm (thus a/W ¼

0.42), length L ¼ 70 mm, and span S ¼ 50 mm. The pre-

crack was machined with a notch root radius of �250 mm.

Tests were carried out on an Instr€on testing machine with a

constant crosshead speed of 0.5 mms�1 for all tests. For the

sake of reproducibility, all tests were repeated twice. The

load F, the notch opening displacement d and the crosshead

displacement were recorded as a function of the running

time. The recording frequency was fixed at 100 Hz. The net

stress (rnet) is defined as the load F divided by the area of

the initial net section.

Following fracture mechanics theory,10 the energy release

rate G can be expressed as:

G ¼ f ða=WÞU (2)

where f(a/W) is a function of the crack depth ratio and the

specimen geometry and U the area under the load versus d

plot. Here both a/W and specimen geometry are kept con-

stant so G is proportional to the area under rnet versus d.

This quantity is homogeneous to an energy density. In the

following, this area will be integrated and split into two

energies: Ei during the loading path up to the maximum rnet
and Ep corresponding to the consecutive decrease in rnet.

For brittle fracture Ep ¼ 0, Ei is therefore related to the criti-

cal energy release rate and is representative of the tough-

ness of the material. For the general case where Ep = 0, the

total fracture energy Et ¼ Ei þ Ep can be linked to the

impact fracture strength11–13 but adapted here to quasistatic

loading of the specimen. Both Ei and Et will then be consid-

ered to follow the toughness improvement according to the

PVDF content.

Microscopic Examinations

In the present work, an attempt is made to relating the

aforementioned characteristic mechanical parameters to the

fracture micromechanisms by examining fracture surfaces of

broken specimens. To this end, one fracture surface corre-

sponding to each blend was selected to be inspected with

the help of scanning electron microscope (SEM). Prior to mi-

croscopic observations, Au-Pd coating was applied to the

fracture surfaces. The process zone (PZ) where the fracture

initiates is first identified. Characteristic lengths such as PZ

width, PZ maximum depth and dimple mean diameter within

this PZ, are measured. An attempt was then made to corre-

late them to both the degree of crystallinity of the blend as

well as the fracture parameters described above.

RESULTS AND DISCUSSION

Mechanical Parameters

Curves of Net Stress Versus d

For each test, the main graph used is the net stress (rnet) as

a function of notch opening displacement (noted d). Figure 1

corresponding to %F ¼ 50, illustrates the typical trend of

this kind of curve. Two stages can be distinguished:

• the loading stage (up to maximum net stress), where the

crack is supposed to be stationary at the initial value of a/

W ¼ 0.42. This part is concerned with ‘‘crack initiation’’

process and therefore to Ei;

• and the crack growth stage, characterized by the decrease

of net stress, related then to Ep. Although the crack growth

rates are high, thanks to the recording frequency of 100

Hz, some experimental points during this stage were

recorded. However, more scatter was observed in the

propagation stage data.

The main characteristic mechanical parameters, obtained

from experimental curves are defined in Figure 1. Their

mean values are gathered in Table 2. In the following, these

parameters are plotted as a function of the PVDF content,

%F.

Maximum Net Stress, Opening Displacements

First, the maximum values of the net stress (rnet
max) are plot-

ted against %F in Figure 2(a). The curve exhibits four charac-

teristic trends. An increase in rnet
max is first observed from

%F ¼ 0 to %F ¼ 30, followed by a decrease between %F ¼

40 and %F ¼ 60. A continuous increase in rnet
max is then

TABLE 1 Sample Characteristics

Sample %F Tg
FM (�C) v (%) WF

a

M 0 110 0 0

F/M 20:80 20 85 0 0.20

F/M 30:70 30 77 0 0.30

F/M 40:60 40 58 0 0.40

F/M 50:50 50 66 14 0.419

F/M 60:40 60 54 19 0.506

F/M 70:30 70 45 27 0.589

F/M 80:20 80 54 36 0.688

F/M 90:10 90 53 45 0.818

F 100 �40 55 1

The data are taken from ref. 9.

FIGURE 1 Typical net stress versus opening displacement

curve for %F ¼ 50. Definitions of mechanical parameters:

rnet
max, d(rnet

max), d(rnet ¼ 0), Ei, and Ep.
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observed when %F is larger than 60, slightly between 60 and

80 and significantly for the two last %F. Excellent reproduci-

bility of (rnet
max) values can be noticed in Figure 2(a).

Figure 2(b) displays the crack opening displacements d cor-

responding to respectively, rnet
max (first y-axis) and rnet ¼ 0

at the complete failure of the specimens (second y-axis). The

same trend as in Figure 2(a) is observed for d(rnet
max) This

similarity indicates that during the loading step, the net

stress versus d curve is quasilinear.

Instead, the evolution of d(rnet ¼ 0) versus %F [Fig. 2(b),

second y-axis] differs at PVDF content larger than %F ¼ 60.

Indeed, a jump of this parameter is observed between %F ¼

60 and %F ¼ 80 whereas the increase of d(rnet
max) is not so

significant. In fact, the jump is due essentially to the propa-

gation stage. This can be attributed to additional deforma-

tion of the crack tip (blunting) during the propagation. For

%F � 80 a saturation of d(rnet ¼ 0) value is observed.

Attention was paid on the decrease of both rnet
max and

d(rnet
max) between 40 and 60%. Similar observations have

already be done while considering the composition depend-

ence of both yield stress and Young’s modulus.9 They have

been tentatively attributed to experimental difficulties

accompanying polymer blending and blend processing.

Fracture Energies Ei, Ep, Et
Following Laiarinandrasana et al.,14 both Ei and Ep were

numerically integrated by using the experimental data. As

mentioned above, they are expressed in kJ/m2 unit.

Figure 3 displays the fracture energies Ei and Et in a semilo-

garithmic scale versus PVDF content. For Ei, the trend is the

same as that of rnet
max and d(rnet

max), whereas the jump of

Et between %F ¼ 60 and %F ¼ 80 coincides to that of

d(rnet ¼ 0). Furthermore, Figure 3 shows that at low values

of fracture energy (0 < %F < 60), Et � 2Ei. This is due to

that Ei and Ep have approximately the same value. In the

upper shelf of the fracture energy (%F > 70) Ep is of higher

order of magnitude than Ei.

The effects of the PVDF content on the toughness are

observed when %F > 60 on both Ei and Et. However,

depending on the selected fracture parameter, the observed

gain in toughness may significantly differ in their absolute

value (Factor 10).

At this stage, the sensitivity of mechanical parameters

according to PVDF contents can be analyzed with the help of

Ei and Ep parameters.

TABLE 2 Fracture Tests Results

Sample rnet
max (MPa) d(rnet

max) (mm) d(rnet ¼ 0) (mm) Ei(kJ/m
2) Ep(kJ/m

2) Et (kJ/m
2)

M 2.4 0.09 0.26 0.12 0.11 0.23

F/M 20:80 2.7 0.12 0.27 0.19 0.22 0.41

F/M 30:70 2.6 0.15 0.32 0.23 0.33 0.56

F/M 40:60 2.4 0.14 0.38 0.18 0.20 0.38

F/M 50:50 1.8 0.11 0.38 0.08 0.14 0.22

F/M 60:40 1.5 0.08 0.18 0.05 0.08 0.13

F/M 70:30 1.8 0.09 4.63 0.08 5.21 5.29

F/M 80:20 2.4 0.12 6.89 0.14 6.48 6.62

F/M 90:10 5.2 0.45 6.77 1.19 11.29 12.48

F 8.0 0.83 6.88 3.42 25.43 28.85

FIGURE 2 Mechanical parameters plotted against PVDF con-

tents (%F): (a) rnet
max; (b) d(rnet

max), empty circles and d(rnet ¼

0), empty triangles.
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• 0 � %F � 40, this domain is concerned with amorphous

blends. A neat increase of both fracture energies is noticed

up to %F ¼ 30 followed by a slight decrease at %F ¼ 40.

At this latter PVDF content, although the blend was still

amorphous, it can be supposed that the slight decrease in

Ei and Et is due to the effect of the crystallinity in the next

stage. Minimum fracture energy value is that of PMMA

and the maximum increase is observed at %F ¼ 30 (Fac-

tor 2) for amorphous blends;

• 40 � %F � 60, Ei and Ep decrease when %F increases.

This concerns the first part of the semicrystalline domain.

Small values of the fracture energy are observed. Theoreti-

cally, this corresponds to the brittle fracture domain for

the semicrystalline blend. Therefore, the decrease in the

fracture energies in this domain is likely due to that: the

maximum fracture energies of the amorphous blend (for

%F ¼ 30; Ei ¼ 0.23 kJ/m2, Et ¼ 0.56 kJ/m2) are higher

than the minimum fracture energies of the semicrystalline

blend (for %F ¼ 60; Ei ¼ 0.05 kJ/m2, Et ¼ 0.13 kJ/m2);

• 60 � %F � 70, a strong increase Et is observed. This

jump is noticeable only for the total energy of fracture,

although an increase of Ei is also observed. The shape of

Et versus %F suggests that the brittle to ductile transition

PVDF content is around %F ¼ 65. However, this is not

valid for Ei;

• 70 � %F � 100, a regular increase of the fracture ener-

gies is observed as a function of %F. The maximum values

of fracture energy are that of the PVDF homopolymer15–17

and in this last domain the blend fracture properties can

be controlled by the PVDF content.

Fractography

Fracture surface analysis was systematically performed after

each test. The motivation here is to find out what the frac-

ture surface observations can help to better understand the

abovementioned partition related to the PVDF contents

(%F). The main trends are summarized in Figures 4–6.

Although not presented in these figures, a large part of the

surface corresponding to the crack propagation is rather flat,

like brittle fracture surface. However, it was clearly observed

that the higher the degree of crystallinity, the more the ru-

gosity of the crack growth fracture surface. The following

discussion is then based on the PZ ahead of the crack tip,

prior to the crack growth surface, keeping in mind that frac-

ture surfaces of amorphous and semicrystalline polymers are

quite different. Moreover, the PZ corresponds to the crack

initiation stage and accordingly, related to Ei.

Figure 4 dedicated to 0 � %F � 40 is illustrative of the frac-

ture surface of %F ¼ 20 blend but the observations are rep-

resentative of the other samples issued from %F � 40. Fig-

ure 4(a) shows the aspect of fracture surface at a

macroscopic scale. The direction of crack propagation is rep-

resented by the white arrow. The examination is based on

the area below the line of initial crack front. Dashed line

indicates the contour of the PZ that has been identified byFIGURE 3 Fracture energies plotted as a function of PVDF con-

tents (Ei; empty square; Et: empty triangle).

FIGURE 4 Amorphous type pattern of fracture surfaces for 0 �

%F � 40. Definitions of PZ width and PZ maximum depth in

(a). Micrographs shown here correspond to %F ¼ 20.
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the change in brightness. This allowed measurement of the

PZ width and maximum depth, respectively (see Table 3).

The fracture surface is uniformly flat. This is consistent with

the amorphous character of the blend. This flat fractography

will be referred to as amorphous like fracture surface. At

this scale, the increase in mobility accompanying the

increase in both %F and WF
a has no observable effect.

Figure 5 details analyses carried out on blends 50 � %F �

80. Fracture surfaces of sample %F ¼ 80 are shown here

but the same observations were made with the other blends.

The fracture surface is divided in two zones, the first one,

just ahead of the initial crack front is a smaller part; the sec-

ond one is very large and represents the brittle crack propa-

gation. The former, the PZ, is considered as the location of

the crack initiation process where crazes develop.18–20 Again,

both characteristic lengths (PZ width and PZ maximum

depth) were measured and given in Table 3.

Figures 5(b, c) consist of inspections at three different scales

of the PZ. Figure 5(c) clearly shows a specific pattern of reg-

ular ‘‘dimples’’ that are supposed to come from quasispheri-

cal voids/crazes appearing in semicrystalline polymers.18–20

Mean diameters of these dimples were estimated and

gathered in Table 2 for the blends corresponding to 50 � %

F � 80.

Now, for the homopolymer PVDF (%F ¼ 100), Figure 6 sum-

marizes the relevant observations of the fracture surface.

Note that %F ¼ 90 blend exhibits the same features. Figure

6(a) shows an overview of the fracture surface. Conversely

to %F ¼ 80 sample, the PZ here shows at first [Fig. 6(b)] a

surface where large extension of fibrils was observed right

ahead of the blunted crack tip. Then, in Figure 6(c) typical

pattern of semicrystalline fracture surface can be observed.

Those are marks left by the crack front propagating within

an initially crazed zone, with penny shaped crazes.3,20 Typi-

cal mean diameter of these crazes measured on both %F

90–100 is about 50 mm. This value was added in the dimple

mean diameter column in Table 3 although they are of

different morphology. Figure 7 attempts to correlate the dim-

ple mean diameter with %F and the degree of crystallinity of

the blend v, respectively. A continuous increase is observed

excepted for the jump between %F ¼ 80–90% or v ¼

36–45%.

FIGURE 5 Semicrystalline type of fracture surfaces for 50 � %F

� 80. Micrographs shown here correspond to %F ¼ 80.

FIGURE 6 Typical pattern of fracture surfaces for 90 � %F �

100. Micrographs shown here correspond to %F ¼ 100.
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For the fracture surfaces studies, three characteristic pat-

terns were observed. The first one, corresponding to 0 � %F

� 40 showed flat fracture surface with no dimple for amor-

phous blends. The last two cases correspond to semicrystal-

line fracture surfaces with increasing value of dimple mean

diameter for moderate degree of crystallinity and, at the

extreme case %F (90 � %F � 100), typical fracture surfaces

of PVDF material appear.

To go further, Figure 8 plots PZ width and PZ maximum

depth as a function of %F. A large scatter is observed for

both parameters. Whereas no specific trend was noticed for

PZ width, PZ maximum depth seems to stabilize within the

%F range for dimpled fracture surface.

Correlation Between Mechanical Parameters and

Fracture Surfaces Characteristics

Although gradual increase of PVDF content was set in the

blend, the above results showed that either mechanical pa-

rameters or the fracture surface analyses have to be sepa-

rated according to the blend amorphous or crystalline char-

acter. The amorphous blend was characterized by,

respectively, v ¼ 0, %F � 40, flat fracture surface and low

values of fracture energies. The semicrystalline blend (%F >

50, v > 0) exhibited dimpled fracture surfaces and transition

of the fracture energy Et.

Amorphous Blends

In this first regime where v ¼ 0 the glass transition temper-

ature Tg (Table 1) decreases from %F ¼ 0 to %F ¼ 40. Ei
and Et were then plotted versus (Ttest � Tg) as already

TABLE 3 Fractography Characteristic Lengths

Sample

PZ Depth

(mm)

PZ Width

(mm)

Dimple Mean

Diameter (mm)

M 530 4 0

F/M 20:80 670 4 0

F/M 30:70 440 4 0

F/M 40:60 270 2 0

F/M 50:50 450 5 1.2

F/M 60:40 360 2 2.3

F/M 70:30 440 3 5

F/M 80:20 310 3 5

F/M 90:10 440 3 50

F 970 4 50

FIGURE 7 Dimple mean diameter versus PVDF contents: (a)

wrt %F; (b) wrt WFa.

FIGURE 8 PZ depth and width as a function of PVDF contents.

FIGURE 9 Fracture energies versus (Ttest – Tg) for amorphous

phase like fracture surface (0 � %F � 30); Ttest ¼ 20 �C.
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proposed for epoxy networks.14 Ttest ¼ 20 �C is the test tem-

perature. Note that Tg is quite stationary for %F > 40.

In Figure 9, a continuous increase in the fracture energies

was observed up to %F ¼ 30. The next decrease in Ei, Et is

supposed to be due to the precursory effects of the semi-

crystalline character. A gain of Factor 2 in terms of tough-

ness improvement is observed for Et as well as for Ei. This is

attributed then to the change of Tg by increasing %F.

Semicrystalline Blends

In this part, both Ei and Ep were plotted in Figure 10 as a

function of the degree of crystallinity v (Table 1) in a semilo-

garithmic graph in the first and second y-axes, respectively.

In this graph, the first point where v = 0 corresponds to

%F ¼ 50, WF
a ¼ 0.4 whereas the last point is that of homo-

polymer PVDF. Both plots exhibit transitions between lower

values (brittle) and upper values (ductile) for Ei and Et.

Characterization of this transition depends on the selected

parameters. Table 4 summarizes the values detailed here af-

ter. For the total fracture energy (Et), the brittle to ductile

transition is, respectively, estimated at WF
a ¼ 0.547 and at v

¼ 40.5%. For the initiation fracture energy (Ei), this transi-

tion is detected at WF
a ¼ 0.753 and at v ¼ 23%,

respectively.

The most significant gain in toughness is observed for Et
when WF

a value increases from 0.5 to 0.6. Indeed, Et value

varies from 0.13 to 5.29 kJ/m2 essentially due to large defor-

mation during the crack propagation stage. Beyond WF
a ¼

0.6, Et value gradually grows from 5.3 to 29 kJ/m2.

CONCLUSIONS

Consideration of the blends of PVDF and PMMA all over the

composition range proves to be a powerful tool to assess the

characteristics that govern the fracture behavior of polymers.

The amorphous blends (PMMA-rich materials) corresponding

to %F � 40 exhibit low values of crack initiation Ei and

crack growth Ep fracture energies. Both energies have

roughly the same value. Moreover, the fracture surfaces of

broken specimens did not show any particular pattern, in ac-

cordance with their amorphous character. Their fracture

energies are well related to the gap between the test tem-

perature and the glass transition temperature, as already

reported for other amorphous polymer series.14

In contrast, the PVDF-richer blends exhibit high degrees of

crystallinity and are much tougher, especially when the

PVDF content is larger than 60%. The fracture surfaces show

dimples characterizing semicrystalline polymers. It was

observed that the mean diameter of these dimples increases

with their fracture energies. Transitions from brittle to duc-

tile fracture behavior of the blends were identified, in terms

of degree of crystallinity v or WF
a, depending on the selected

fracture parameter. The increases in both fracture energies

denote toughness improvement that can be controlled with

the PVDF contents.
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