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SYNOPSIS

A polyisobutene rubber was modified by grafting succinic anhydride onto its end groups
and has been used as a toughening agent for an unsaturated polyester resin. Both the
functionalization and the successive reaction between the modified rubber and the polyester
was investigated by Fourier transform infrared spectroscopy (FTIR). The yield behavior
of the cured resins was studied by compression measurements, while the fracture properties
were determined at low and high strain rate. A morphological analysis of the investigated
blends has been carried out by scanning electron microscopy (SEM). A considerable en-
hancement of tougheness has been achieved when the modified rubber was used in place
of the plain polyisobutene. The effect was found to depend on the grafting degree of the
rubber and on the time period during which the two-component mixture was allowed to
react prior to the curing process. © 1995 John Wiley & Sons, Inc.

INTRODUCTION

Unsaturated polyesters (UP) are used extensively
as matrices in fiber-reinforced composite systems.
They are particularly useful in sheet-molding com-
pounds (SMC) and bulk-molding compounds
(BMC) for manufacturing automotive parts.

Common commercial resins are available in the
form of relatively low molecular weight linear poly-
esters in solution with a reactive monomer which is
generally styrene. They are crosslinked by a radical
mechanism through an addition copolymerization
with the monomer. The polyester prepolymer is
prepared by a condensation reaction of a glycol such
as ethylene or propylene glycol and an unsaturated
anhydride or dibasic acid such as maleic anhydride.
Because a wide variety of acids or anhydrides can
be substituted in the polymer backbone, different
base resins are available which exhibit a broad spec-
trum of performance characteristics.

However, the whole family of UP resins suffer a
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major drawback, namely, their brittleness and poor
resistance to crack propagation.’? This limitation
has confined the application of UPs to situations
where the stress is relatively low and preferably
static. In the case of other thermosets, such as
epoxies, this problem has been solved by blending
with reactive liquid rubbers.>® This technique has
had limited success in the case of UP resins because
of the poor solubility of the rubber component in
the unreacted resin and of the low chemical reac-
tivity of the rubber toward the polyester end group.®
Efforts to chemically modify commercial liquid
rubbers to enhance their reactivity toward the UP
matrix are underway in our institute. In particular,
in a previous contribution,” a hydroxyl-terminated
polybutadiene was transformed into an isocyanate-
terminated rubber and the isocyanate functional-
ities were reacted with the hydroxyl end groups of
the UP resin prior to the curing process. In the
present work, a further modification of a commer-
cial liquid rubber is described: A polyisobutylene
(PIB) having an olefinic end group was reacted
with maleic anhydride to obtain PIB bearing an-
hydride functionalities (PIBSA). These anhydride
groups are able to react with the hydroxyl end
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groups of the UP chains, forming a block copolymer
UP/PIB which can act as an emulsifier in a UP/
PIB blend.

The molecular characterization of such a modified
rubber was accomplished by Fourier transform in-
frared spectroscopy (FTIR). The same spectro-
scopic technique was used to investigate in detail
the reaction between PIBSA and the UP matrix.
The mechanical and the fracture properties of the
cured materials were studied at low and high rates
of deformation using the linear elastic fracture me-
chanics approach. The results of such an analysis
were correlated eventually with the morphology of
the samples investigated by SEM and image anal-
ysis.

EXPERIMENTAL

Materials

The UP resin was an uncured, unsaturated polyester
kindly supplied by Alusuisse Italia. The resin was
available either as a solution containing 35% of sty-
rene or in the form of the pure prepolymer. The acid
number of the prepolymer, defined as the mg of KOH
used for the titration of 1 g of prepolymer, was 19.2.

The OH number, obtained by titration of the ex-
cess acetic anhydride used to fully esterify the hy-
droxyl groups, was 53.4. This corresponds to 0.34
mmol of COOH groups and 0.95 mmol of OH groups
per gram of resin. In the UP formulation, 0.1% by
weight of hydroquinone was employed as inhibitor
to prevent premature curing. Benzoyl peroxide
(BPO) was the radical initiator and was recrystal-
lized twice from absolute ethanol before use.

The liquid rubber was a polyisobutylene (PIB)
supplied by BP Chemicals having a molecular
weight, M,, = 2400. Its chemical formula is reported
below:

gHs T
CHy—C H2——CH2—(—(I:-—CH2—)—CH2—C=C——R"
CH, n
PIB

where R, R, R"=H,CHj

The technical note provided by the producer
states that PIB has a double bond per chain in the
end group, as determined by NMR spectroscopy.
This double bond can be either di- or trisubstituted,
while tetrasubstituted unsaturations were excluded
by UV analysis; moreover, the disubstituted double
bonds can be of the vinyl or vinylidene type.

Preparation of Polyisobutylene-grafted Succinic
Anhydride (PIBSA)

In a three-necked round-bottom flask equipped with
a nitrogen inlet, 20 g of PIB was dissolved by re-
fluxing in 400 mL of toluene under magnetic stirring.
The solution was heated to 120°C and 4 g of maleic
anhydride (MA) was added through a funnel. Upon
complete dissolution, a solution of BPO (2 g) in 20
mL of toluene was added. The solution was refluxed
under nitrogen atmosphere and magnetic stirring
for 3 h.

After cooling, the solvent was removed under
vacuum and the residue was dissolved in n-hexane
in which the rubber is soluble while MA is not. The
resulting solution was separated by centrifugation,
then filtered through a sintered glass to remove the
traces of byproduct and the excess of MA. Hexane
was then evaporated from the filtrate, leaving a clear
thick viscous liquid. This product was finally dried
in a vacuum oven for 16 h at 60°C. The previous
procedure was used to prepare another sample of
PIBSA with a grafting degree of 2.5% by weight; in
this case, 20 g of PIB, 23 g of MA, and 6 g of PBO
Initiator were used.

Preparation of a Typical UP/Rubber Blend

Seven grams of rubber PIBSA were put in a reaction
vessel with 63 g of UP resin and styrene monomer
in the ratio 65/35 w/w. The mixing was continued
for 1 h at 60°C, under vigorous mechanical stirring.

After the homogenization of the mixture, the
temperature was allowed to decrease to 20°C and
1.26 g of BPO were added, continuing the mixing
for an additional 10 min. At this stage, the mixture
was poured in a glass mold which was immediately
immersed in a thermostatic bath kept at 50°C for 2
h. The cure was continued for 10 h at 70°C and was
followed by a postcure at 100°C for 2 h. The inves-
tigated blend compositions with their codes are re-
ported in Table 1.

Table I Codes and Compositions of the
UP/Rubber Blends

Code UP (%) PIB (%) PIB GD (%)
Up 100 — —
BO 90 10 —
B1.5 90 10 1.5
B2.5 90 10 2.5
B2.52 90 10 2.5

2 Premixed 12 h before curing.



Techniques

FTIR spectra were obtained at 2 cm™ resolution

with a Perkin-Elmer System 2000 spectrometer
equipped with a deuterated triglycine sulfate detec-
tor (DTGS) and a germanium/KBr beam splitter.
The recorded wavenumber range was 4000-4501
cm™! and 30 spectra were signal-averaged in the
conventional manner to reduce the noise. The mea-
surements were carried out either on thin (1-5 ym)
films cast on KBr disks from CH,Cl, or as solutions
in CH,Cl,. In all cases, the film thickness or the
liquid cell thickness were chosen so as to keep the
absorbance of the region of interest in a range where
the Beer-Lambert law is obeyed.

Uniaxial compressive tests were made on paral-
lelepipedal samples 12 mm long, 6.0 mm wide, and
4.0 mm thick using an Instron mechanical tester at
ambient and at a crosshead speed of 1 mm/min.
Three-point bending specimens were used to per-
form fracture tests at room temperature and at low
and high strain rate.

The low strain rate measurements were carried
out on an Instron apparatus at a crosshead speed of
1 mm/min. The high strain rate tests were per-
formed on a Charpy instrumented pendulum at an
impact speed of 1 m/s. For both, the tests samples
(60 X 6.0 X 4.0 mm) were cut from sheets of the
cured materials and then sharply notched. The frac-
ture data were analyzed according to the concepts
of linear elastic fracture mechanics.®

The critical stress intensity factor, K., was cal-
culated by means of the equation

K. =oYVa (1)

where o is the nominal stress at the onset of crack
propagation; a, the initial crack length; and Y, a
calibration factor depending upon the specimen ge-
ometry. For three-point bending specimens, Y is
given by Brown and Srawely.? For the determination
of the critical strain energy rate, G., the following
equation was used:

U

Ge BW® (2)
where U is the fracture energy; B and W, the thick-
ness and the width of the specimen, respectively;
and @, a calibration factor which depends on the
length of the notch and the size of the sample. Values
of ® were taken from Plati and Williams.®

Fractured surfaces were coated with a thin layer
of a gold-palladium alloy and then examined by
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SEM. Prior to SEM examination, some samples
were etched with boiling CHCl, to selectively remove
the rubber component. The size and distribution of
the rubber particles within the UP matrix were de-
termined from SEM micrographs of etched surfaces
using image analysis. The Quantimet 900 image
analysis system was used for this purpose.

RESULTS AND DISCUSSION

FTIR Analysis

In Figure 1 are compared the FTIR spectra in the
frequency range 4000-450 cm™! of the plain rubber
(curve A) and of a PIBSA sample having a grafting
degree of 1.5% wt/wt (curve B). The peaks arising
from the vibrations of the grafted succinic anhydride
groups are found in the curve B of Figure 1 at 1860,
1783, 1716, and 701 cm™! (Ref. 11). In particular,
the doublet at 1860-1783 cm ™! is due to the in-phase
and out-of-phase vibrations of the anhydride car-
bonyls, while the 1716 cin™! component arises from
the vc—g vibration of the succinic acid. Its presence
indicates that a very limited amount of anhydride
underwent hydrolysis. The carbonyl region is free
from interfering PIB absorptions and the peak at
1782 cm™! has been used to quantitatively evaluate
the amount of SA bound on the PIB backbone.

The quantitative determination has been per-
formed on solutions of PIBSA in CH,Cl, by means
of the calibration curve reported in Figure 2. This
curve was constructed using succinic anhydride so-
lutions in CH,Cl, as standards. The two PIBSA
samples prepared according to the procedure re-
ported in the Experimental section yielded a grafting
degree of 1.5 and 2.5% wt /wt, respectively.

There are several studies dealing with the grafting
of MA and other reactive monomers onto saturated
and unsaturated rubbers, initiated by organic per-
oxides. In the case of saturated rubbers, it has been
shown that the grafting occurs preferentially onto
the methylene groups and, in particular, onto the
longer and more regular — CH,— sequences.>*?
For unsaturated elastomers such as polyisoprene or
polybutadiene,* the MA addition occurs in the vi-
cinity of the double bond and preferentially in the
a position with respect to the unsaturation.

In our case, we used FTIR spectroscopy to es-
tablish the preferential site of addition along the
PIB chain. It is well known that vinyl groups give
rise to a medium-intensity absorption in the range
900-890 cm ™! due to an out-of-plane deformation
mode of the group. This peak goes completely un-
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Figure 1 FTIR spectra in the frequency range 4000-450 cm™ of (curve A) plain PIB
and of (curve B) PIBSA with a GD of 1.5% wt.
1.2 —_— detected in the spectrum of a thin PIB film [see
- Fig. 1(A)] due to the very low concentration of
04 . - the vinyl end groups into the PIB sample. How-
f L ever, increasing the sample thickness from few
8 081 2. - microns up to 0.5 mm, a well-resolved absorption
s ] - | L is detected in the expected frequency range [see
£oosn TRLILE T - Fig. 3(A)].
2 1 To confirm the assignment of such a peak to a
< 04 I wagging mode of the vinyl groups, halogenation
1 r of the PIB end groups was performed; the spectral
0.2 1 - profile of the fully iodinated PIB, reported in Fig-
- ure 3(B) in the frequency range 900-780 cm™?,
0 —— 77— shows the complete disappearance of the peak at
0 0.1 0.2 0.3 0.4 05 0.6 891 cm™!, thus confirming the assignment. The

Concentration (mg/mL)

Figure 2 Calibration curve for the quantitative deter-
mination of the grafting degree. The inset displays the
peaks used for the construction of the curve.

spectrum of the PIBSA sample having a grafting
degree of 2.5 is reported in Figure 3(C). Also, in
this case, the component at 891 em™! is absent,
which indicates that all the vinyl end groups have
reacted with MA.
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Figure3 FTIR spectrain the frequency range 900-780
cm™! of (curve A) plain PIB, (curve B) fully iodinated
PIB, and (curve C) PIBSA having a GD of 2.5. The spectra
were collected on films 0.5 mm thick.

On this basis, the following reaction mechanism
may be assumed:

| — 21

R
NVCH—C—CH,  <MA_ v\NvCH=r';R—éH2
i "

o” N0 No
m

Structure ITI may either interact with a PIB mol-
ecule, to yield PIBSA and structure I by a chain
propagation step, or may terminate by coupling or
disproportionation with another radical species.

A further possibility also cited in the literature, ¥
but, in our opinion, less likely to occur, involves as
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the first step the direct addition of the primary rad-
ical I" onto the double bond:

R R
I [
- + WWCH,~—C=CH, —»  WWCH,—C—CH,

Vo

Structure IV will then add an MA molecule to
form

which, in turn, will evolve in the same way as struc-
ture III. It is noted that the total concentration of
double bonds in PIB is 0.405 mmol/g and that the
maximum concentration of grafted MA, corre-
sponding to a grafting degree of 2.5% wt /wt, is 0.265
mmol/g. Attempts to increase the grafting degree
by varying the reaction conditions (temperature,
peroxide, and MA concentration) were unsuccessful.
Thus, only about 65% of the total amount of ter-
minal double bonds of PIB are reactive toward MA
addition. The remaining 35% of unreactive double
bonds may be assumed to be of the trisubstituted
type:

?Ha
WWCH==C—CH,

and their lower reactivity could be ascribed to steric
effects.

When PIBSA is mixed with UP, the following
esterification reaction may occur:

R 0
WCH=C—CH,
O + OH—W —»
PiB
up
6]
T 9
WCH=C—CH, C—OH
PiB l
ﬁ—O—\NW‘
up

which would yield a diblock copolymer of the type
PIB/UP. The process has been investigated by
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FTIR spectroscopy: The PIBSA /UP reaction mix-
ture was held at 80°C under vigorous mechanical
stirring. At various time intervals, different aliquots
were withdrawn and analyzed spectroscopically as
solution in CH,Cl,.

Using the appropriate concentration range, the
succinic anhydride doublet is clearly discerned as a
low intensity peak centered at 1860 cm™! and as a
well-defined shoulder at 1783 cm ! of the yo—g mode
of the polyester (see Fig. 4). Figure 4 also shows
that the intensity of the v, c=o peak of the grafted
anhydride decreases gradually by increasing the re-
action time.

To obtain more quantitative information, the
spectral data of Figure 4 were analyzed by difference
spectroscopy. A pseudo-base line was identified in
the frequency range 1873-1763 cm ™! as the spectral
profile of the neat UP resin (Fig. 4, curve A). Sub-
traction of such a base line from the spectra of Figure
4 allowed us to eliminate the interference of the ve—g
absorption of the UP carbonyls so as to obtain a
fully resolved profile of the anhydride doublet (see
Fig. 5). The percent anhydride conversion was then
evaluated from the intensity of the vo_ peak at 1783
cm™! as

100{[SAlo — [SAIL} { [SAL}
a(t) = =10041 — (3)
[SAlo [SAlo
A, Cy
£) = 100{1 — =% 22
a(t) 0{ A, Cz} 4)
17 ) L R 1
1.3 1 I
o
(34
c
©
2
o 094 r
a
<
0.6 1 L
0.2 — T T T
1873 1851 1829 1807 1785 1763

Wanenumbers (cm™’)

Figure 4 FTIR solution spectra in the frequency range
1873-1763 cm ! of (curve A) the plain UP resin and of
(curves B, C, and D) a B2.5 blend. Traces B, C, and D
refer to premixing times of 0, 215, and 800 min, respec-
tively.

Absorbance
IS
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Figure 5 Subtraction analysis in the frequency range

1920-1750 cm ™! of the solution spectra of the B2.5 blend.

Curves A, B, C, D, and E refer to premixing times of 0,
90, 215, 335, and 800 min, respectively.

where [SA] is the concentration of succinic anhy-
dride groups in the reactive mixture, C is the con-
centration of the reactive mixture in the CH,Cl, an-
alytical solution, and the subscripts 0 and ¢ refer to
reaction times 0 and ¢, respectively.

The results of this analysis are reported in Figure
6. It is immediately apparent that the maximum at-
tainable conversion is about 156%; the reaction pro-
ceeds at an almost constant rate of 0.034 min* up
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Figure 6 Conversion of anhydride groups on PIBSA as
a function of the reaction time in a B2.5 blend. Premixing
performed at 80°C.



to 280 min where a conversion of 10% is reached,
at longer times, the process slows down considerably
and the maximum conversion is attained after about
1000 min. The very slow reaction rate compared with
that of low molecular weight analogs (i.e., propanol
and MA'®) might be ascribed to the fact that the
system under investigation is heterogeneous. Under
such conditions, the rate-limiting step is the diffu-
sion of the SA end groups toward the surface of the
rubbery domains. Moreover, the limited yield is
likely due to the fact that two different hydroxyl
functionalities are present as UP end groups,
namely, primary and secondary OH groups deriving
from the polycondensation of the starting monomers
isopropylene glycol and MA.

It is known from the literature'® that secondary
alcohols do not react with MA in the absence of
suitable catalytic systems; thus, in our case, only a
limited number of OH end groups, i.e., the primary
ones, are able to interact chemically with MA.

The diblock copolymer formed upon reaction of
the reactive end groups of PIB and of UP is likely
to act as an emulsifying agent in the blend, thus
improving the dispersion of the rubbery component
in the matrix before cure and enhancing the inter-
facial adhesion after the crosslinking process. As will
be shown in the next paragraphs, interesting results
in terms of toughness and morphology may be
achieved even with limited yields of such a co-
polymer.

Mechanical and Fracture Properties

The Young’s modulus, E, of the neat UP and of the
various blend compositions investigated was deter-
mined in the flexural mode at ambient and at a
crosshead speed of 1 mm/min, using the equation’’
3
- LE 5)
4dWB

Table IT Elastic Modulus (E) and Compressive
Yield Stress (s, ) of the UP/Rubber Blends

Code E (N/mm?) a,. (MPa)
up 2300 85.0
BO 2000 74.0
B1s5 2050 73.5
B2.5 2050 73.2
B2.5* 2000 72.1

* Premixed 12 h before curing.
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Figure 7 Compressive stress-strain curves at ambient
temperature and at 1 mm/min, (a) pure UP resin, (b) B0
blend, (c) B1.5 blend, (d) B2.5 blend, and (e) B2.5* blend.

where d is the displacement; P, the load at the dis-
placement d; L, the span; and W and B, the width
and the thickness of the specimen, respectively.

The E values are reported in Table II; as expected,
for all the materials tested, a decrease of modulus,
compared with that of the plain resin, is observed.
Moreover, such an effect is independent of the type
of rubber used as well as of its grafting degree.

To predict large strain properties, the yielding
behavior of all the investigated blends was examined
under uniaxial compression mode. Typical stress—
strain curves obtained at the same loading rate and
temperature as for the Young’s modulus are shown
in Figure 7.

It can be observed that, when loaded in compres-
sion, all the samples yield and flow, contrary to what
happens in tension,® where they exhibit a completely
brittle behavior. For convenience, all the stress—
strain curves have been reported up to 16% defor-
mation, although some samples were found to de-
form to strains exceeding 20%. The compressive
yield stress, ¢, was evaluated according to the fol-
lowing equation:

p
=—(1-9 (6)

Oey
7 A
0

where P is the load; Ay, the initial cross-sectional
area of the specimen; and ¢, the specimen strain.
The values of g, are reported in Table II; the same
behavior as that found for the Young’s modulus is
observed. The decrease of o, upon rubber addition
is a direct consequence of the lower shear modulus
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of the rubbery phase compared with that of the UP
matrix, which prevents the rubbery domains from
supporting a significant amount of the applied stress.

The fracture behavior of both the unmodified and
the rubber-modified resins was examined at low and
high strain rates. For both plain UP and UP/rubber
blends at a low deformation rate (1 mm/mm), the
crack propagation was stable-brittle, with no evi-
dence of a stick-slip propagation.!® The critical stress
intensity factor, K., determined from the load-dis-
placement curves using eq. (1), is reported in Figure
8. In the same figure are also reported the values of
K, determined under impact conditions.

The UP resin exhibits low values of K, in both
test conditions, according to its poor crack resis-
tance. Similar results are observed for the blend
containing unmodified PIB as a rubbery phase. In
contrast, the blends containing PIBSA display a
marked improvement in fracture toughness.

An analogous trend is observed when the fracture
data are expressed in term of the parameter, G, (see
Fig. 9). The observed improvement of K, and G, is
found to be dependent on two factors:

1. The grafting degree of PIBSA.

2. The time period during which the UP/PIBSA
mixture was allowed to react prior to the curing
process (premixing step).

In particular, we observed an increase in the K,
and G, parameters with increasing the grafting de-
gree; moreover, for the same grafting degree of 2.5
by weight, a further enhancement of toughness is
achieved by increasing the premixing time from 60
min to 12 h.

1.0

0.8 |

0.4 -

Ko (MN/m®'?3)

UpP BO B1.5 B2.6 B2.6*

Figure 8 Critical stress intensity factor K, for the var-
ious investigated blend compositions: ((J) low-speed tests;
(W) high-speed tests.

350
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up BO B1.5 B2.6 B2.6*

Figure 9 Critical strain energy release rate G, for the
various investigated blend compositions: ((0) low-speed
tests; (W) high-speed tests.

The effect of grafting degree on the toughness
parameters may be ascribed to the formation of a
UP/PIB block copolymer, which, acting as an emul-
sifier, reduces the particle size of the rubbery do-
mains and firmly bonds the two phases together once
the curing reaction has occurred; the higher the
grafting degree of the rubber, the higher the con-
centration of the emulsifier in the blend. Analo-
gously, the effect of the premixing time can be ac-
counted for by considering that the conversion of
MA and, hence, the amount of the diblock copolymer
formed, increases going from 60 min to 12 h (see
Fig. 6).

From the viewpoint of the deformation mecha-
nism, as will be shown in the subsequent paragraph,
the above enhancement of toughness can be ascribed
to the formation of multiple but localized shear de-
formation bands in the matrix induced by the pres-
ence of rubber particles which act as stress concen-
trators. As the size of the rubber particles decreases
and the size distribution gets more homogeneous,
the mechanism of induction of plastic deformation
in the matrix becomes more efficient.’®

A further parameter which plays a key role in
enhancing the toughness is the interfacial adhe-
sion.?’ When good adhesion is realized, the rubber
domains are able to act as load-bearing components
due to the continuity of the structure. Thus, exten-
sive shear deformation may occur near the crack tip
which can absorb a large amount of energy before
the final fracture. This process is strongly reduced
when there is poor or no adhesion at the particle—
matrix interface.

It has been shown that, for relatively brittle poly-
mers, the extent and shape of the localized plastic



Table III Estimation of the Plastic Zone Size
Using Dugdale (R) and Irwin (r;) Models

Code R (um) r, (um)
Up 19.6 2.6
BO 32.8 4.4
B1.5 55.0 74
B2.5 73.3 9.9
B2.5* 88.4 12.0

* Premixed 12 h before curing.

deformation ahead of a crack tip can be successfully
described using the models developed by Dugdale®!
and Irwin.?? For the Dugdale’s model, the size of the
plastic zone R is given by

[ K. \?
#=5(e) v

Oty

Figure 10 SEM micrographs of the fracture surfaces
of samples broken at low deformation rate: (A) BO blend;
(B) B1.5 blend.
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Figure 11 SEM micrographs of the fracture surfaces
of samples broken at low deformation rate: (C) B2.5 blend;
(D) B2.5* blend.

where o, is the tensile yield stress. Similarly, for
the Irwin model, the size of the plastic zone r, may
be evaluated, for the plain strain case by

2
CHE

67 \oy,

Comparison of eq. (7) and eq. (8) reveals that
the Dugdale’s model predicts a larger extent of
plasticity than does the Irwin model. However,
both equations predict that the plastic size zone
is proportional to (K./o)>

The R and r, values, calculated according to eq.
(7) and eq. (8), are reported in Table IIL. The tensile
vield stress values were obtained from the uniaxial
compression tests assuming the ratio g, /0., to be
equal to 0.75.>%® Both the R and r, parameters in-
crease by increasing the grafting degree of the PIB
rubber and, for the same grafting degree, by increas-
ing the premixing time. These results further con-
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firm that the efficiency of PIB as a toughening agent
depends on the amount of the PIB/UP block co-
polymer formed during processing.

Morphological Analysis

Scanning electron micrographs of rubber-modified
UP blends fractured at low deformation rate are re-
ported in Figures 10 and 11. All the fracture surfaces
are characterized by a morphology in which the rub-
ber is segregated into spherical shaped domains dis-
persed in the UP matrix. In particular, the UP/PIB
blend [Fig. 10(A)] shows few large cavities with a
diameter ranging from 80 to 100 um corresponding
to the positions of the rubber domains pulled off
during fracture. Moreover, the UP matrix around
the cavities appears rather flat, indicating its very
limited plastic deformation.

When PIB is replaced with PIBSA [Figs. 10(B)

Figure 12 SEM micrographs of the fracture surfaces
of samples broken at low deformation rate and subse-
quently etched with CHCl; vapors; (A) B0 blend; (B) B1.5
blend.

Figure 13 SEM micrographs of the fracture surfaces
of samples broken at low deformation rate and subse-
quently etched with CHCl; vapors: (C) B2.5 blend; (D)
B2.5* blend.

and 11}, strong variations in the overall fracture
morphology are observed: In general, a substantial
reduction of the particle size is brought about by the
PIB functionalization, as well as a more homoge-
neous distribution of the particle sizes. The fracture
surfaces of these samples also display evidence of
shear deformation of the UP matrix around the rub-
ber particles. This phenomenon, which confirms the
toughening mechanism advanced in the previous
paragraph, is more evident in the blends with the
higher grafting degree (see Fig. 11).

To put the above observations on a more quan-
titative basis, we performed a complete image anal-
ysis of the fracture surfaces. T'o obtain meaningful
results by this approach, it is necessary to achieve
good contrast among the phases. To this end, an
etching treatment of the samples was performed by
CHCI; vapors so as to completely remove the rubber
particles from the fracture surfaces. The analysis
was carried out on a large number of images (more



than 10); examples of the etched surfaces used are
shown in Figures 12 and 13.

The frequency vs. particle-size histogram of the
BO blend [see Fig. 14(A)] shows a very broad dis-
tribution of sizes with an average diameter D of 75
um and a standard deviation, ¢, of 36.0. Conversely,
when PIBSA is used [see Figs. 14(B) and 15], the
average particle size decreases by about one order
of magnitude and the distribution becomes substan-
tially narrower. The D and ¢ values of the various
investigated blends are collectively reported in
Table IV.

The above effects are found to depend on the
grafting degree (GD) of PIBSA: In fact, in going
from a GD of 1.5 to a GD of 2.5, D decreases from
14.0 to 8.0 and ¢ goes from 7.6 to 4.7. It is worth
noting that the blends having the same GD of the
rubber, but prepared with different premixing times,
exhibit the same values of D, but o goes from 4.7 to
3.5 by increasing the premixing time. Thus, the net
effect of this processing step is simply to induce a
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Figure 14 Particle-size distribution: (A) B0 blend; (B)
B1.5 blend.
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Figure 15 Particle-size distribution: (C) B2.5 blend; (D)
B2.5* blend.

more homogeneous distribution of the rubber par-
ticles within the matrix, while the average diameter
remains unaffected. In turn, the narrowing of the
particle-size distribution produces a limited effect
on the toughening properties of the blend.

The whole of the experimental results described

Table IV Average Diameter, D, and Standard
Deviation, ¢, of the Rubber Domains in the
Various Investigated Blends

Code D (um) o

BO 75.0 36.0
B1.5 14.0 7.6
B2.5 8.0 4.7
B2.5* 8.0 3.5

* Premixed 12 h before curing.
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herein indicate that, in order to achieve a significant
toughening effect, it is not necessary that the total
amount of rubber introduced in the blend is reactive
toward the thermosetting matrix. Even with con-
version of the reactive functionalities as low as those
obtained after 1 h of premixing (see Fig. 6), a ma-
terial with interesting toughening properties can be
obtained. This, in turn, implies that the amount of
interfacial agent needed to produce a morphology
suitable to achieve the desired properties is rather
low. This same behavior has been found also in the
toughening of thermoplastic matrices such as poly-
amides.?* Thus, an alternative approach to toughen
thermosetting matrices which would avoid the very
long and impractical premixing step is to prepare
by a separate process the compatibilizing copolymer
and to add small amounts of it to the unmodified
liquid rubber prior to blending. Work is in progress
in our laboratories to optimize this type of process.

CONCLUSIONS

A polyisobutene rubber has been modified by graft-
ing succinic anhydride onto its end groups. The pro-
cess, carried out in solution by means of an organic
radical initiator, yielded a maximum grafting degree
of 2.5% by weight. The reaction product was char-
acterized by FTIR spectroscopy to determine its
grafting degree as well as the preferential site of at-
tack of the MA moiety onto the rubber.

It was shown that the vinyl end groups disap-
peared completely upon maleation of the rubber,
thus suggesting a likely reaction mechanism. The
PIBSA rubber thus prepared was used as a tough-
ening agent in UP-based blends. Kinetic measure-
ments performed by FTIR spectroscopy showed that
the MA groups of the rubber are able to react with
the hydroxyl end groups of the polyester prepoly-
mers forming a diblock copolymer of the type UP/
PIB. However, due to the heterogeneity of the re-
active mixture, the reaction rate was very slow and
the final yield did not exceed 15%.

The mechanical and the fracture properties of a
series of blends were investigated. The modulus and
the yield stress decreased upon addition of the sec-
ond component irrespective of the type and of the
grafting degree of the rubber.

Fracture measurements performed at high and
low rates of deformation demonstrated a substantial
increase of toughness when PIBSA was used as
modifier. In particular, the best results were achieved
with the highest grafting degree of the rubber and

when the components were premixed for 12 h prior
to the curing process. These results were interpreted
on the basis of the role played by the UP /PIB co-
polymer as interfacial agent.

The morphological analysis of the fractured sur-
faces revealed a drastic reduction of the size of the
rubbery domains when PIBSA is used in place of
plain PIB as second component. Moreover, image
analysis showed that the reduction of particle size
is accompanied by a considerable narrowing of the
particle-size distribution. In agreement with the
fracture results, both these effects were enhanced
by increasing the grafting degree.

In the light of the above results, it can be con-
cluded that, in order to achieve a satisfactory level
of toughening, it is sufficient to form in situ or to
add during processing a limited amount of a copol-
ymer which can act as a compatibilizing agent.
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