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ABSTRACT: Nonmodified and corona-activated conifer
wood flour was evaluated as filler to nitrile butadiene rub-
ber (NBR) compounds containing different amounts of phe-
nol-formaldehyde resin (PFAR) by studying the cure char-
acteristics and the mechanical properties of the filled com-
pounds. It was found that the PFAR affects considerably the
cure characteristics and the mechanical properties of the
wood flour-filled NBR compounds due to a presumable
action as an interface interactions modifier. Acting as an
antiaging agent it improves also their thermal-oxidative sta-
bility. The optimal amount of PFAR regarding the cure
characteristics and mechanical parameters is of 15 phr/100
phr wood flour. The addition of PFAR just before the wood
flour is preferable because of both its better homogenization

in the rubber matrix and its lower adsorption by the wood
flour, leading to an improvement of the mechanical proper-
ties of the wood flour—filled NBR compounds. The replace-
ment of nonmodified wood flour by corona-activated wood
flour leads to additional increase of the mechanical param-
eters without significant affect of the optimum cure time,
aging resistance, and water adsorption. © 2004 Wiley Period-
icals, Inc. ] Appl Polym Sci 92: 95-101, 2004
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INTRODUCTION

In a former study' we found that the wood flour acts
as nonreinforcing filler in nitrile butadiene rubber
(NBR) compounds. Scanty information about wood
flour modification directed to its application as an
active filler in polymer composites or rubber com-
pounds could be found in the technical literature.
Marcovich et al. *have esterified wood flour and have
used it as a thermosetting filler to unsaturated poly-
ester-styrene resins. Alma and Shirashi® have pheno-
lated (in presence of sulfuric acid as a catalyst) birch
wood flour and have tested the obtained phenolated
wood resin as a thermosetting material.

During the last decade, there has been increasing
interest in the use of suitable interface interactions
modifiers to increase the interface adhesion, to control
the morphology of the composites, and to obtain ma-
terials with desirable properties®. Long ago, the rein-
forcing effect of the phenol-formaldehyde (PFAR) res-
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ins combined with hexamethylenetetramine in NBR
compounds, as well as their participation in the rubber
vulcanization process are known®”’. On the other
hand, it is also known that these resins are able to
interact with the wood flour and, acting as an interface
interactions modifier, to improve the wood flour/
polymer matrix interface interaction in the wood
flour-filled polymers such as PVC.*7'°. We present
here how the cure characteristics and some mechani-
cal properties of NBR compounds filled by nonmodi-
fied or corona-treated wood flour are affected by the
presence of PFAR as an interface interaction modifier.

EXPERIMENTAL

Nitrile butadiene rubber (NBR 40, manufactured in
Russia, with parameters according to Russian stan-
dard GOST 7738-79) and conifer wood flour (Maritsa,
Kostenets, Bulgaria; manufactured with parameters
according to Bulgarian standard BDS 3781-74, particle
size of 100-140 mm, and humidity of 6%) were used in
this study.

The PFAR was novolac resin (P. Volov, Bulgaria)
manufactured with parameters according to Bulgarian
standard BDS 10-80.
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TABLE I
Wood Flour-Filled NBR Compounds, Containing PFAR Added Together with (Mixtures 2-16)
or Just Before (mixtures 7’-11’) this Wood Flour
8 9 10 1
Mixture No. 1 2 3 4 5 6 8’ 9’ 10" p b 12 13 14 15 16

Wood Flour (phr) 0 20 35 50 70 an
PFAR (phr)* 0 10 10 10 10 10

35 50 75 90 20 35 50 70 90
15 15 15 15 20 20 20 20 20

* Per 100 phr wood flour; PFAR contains 5 phr hexamethylenetetramine, added just before mixing on the rolls.

The model NBR compounds contain traditional in-
gredients (phr): NBR 40, 100; wood flour (nontreated
or corona treated), varied; PFAR, varied; stearic acid,
2; zinc oxide, 3; sulfur, 2; and sulfenamide accelerator
(Vulkacit CZ, Byer), 2. The variables, wood flour, and
PFAR amounts are shown in Table I. All the materials
used were of standard rubber industry grade and
were not purified for this study.

The modified wood flour was prepared by corona
treatment in air, as described in Vladkova et al.!!
under the following conditions: thickness of the wood
flour layer, 4 mm; voltage, 12 kV; and duration of
treatment, 10 min.

The model mixtures were prepared on laboratory
roll with a friction ratio of 1 : 1.4. The premixing of the
wood flour with the PFAR was difficult due to the
high viscosity of the resin. To avoid the use of ex-
tender we added the PFAR (with 5 phr hexametyle-
netetramine/100 phr PFAR added to the resin just
before use) directly to the rubber mixture together
with the wood flour or just before it.

The vulcanization characteristics were determined
according to Bulgarian standard 15,754-83 with a
Monsanto Rheometer M100 at a temperature of 170°C.
The vulcanization was carried out at this same tem-
perature and the optimum cure time.

The mechanical parameters were determined ac-
cording to ISO/R37 and the heat aging was according
to 1ISO/188.

The water adsorption was measured using 50 X 50
X 2 mm samples kept in distilled water for 24 h. The
corresponding calculations were performed with the
following formula:

Wa = (P, — Py) X 100/P,%

where Wa is the water adsorption; P, is the weight of
the sample before testing; and P, is the weight of the
sample after keeping in water.

The microscope photographs are taken from non-
vulcanized samples in polarized light using a MBI-6
microscope.

RESULTS AND DISCUSSION

We studied earlier the effect of nonmodified! as well
as of corona-treated conifer wood flour'' as a filler to

NBR compounds in the absence of any interface inter-
actions modifier. This study was aimed to evaluate
PFAR as an interface interactions modifier, therefore,
our experiments were carried out in three sets:

Set 1 (Table I, mixtures 2-16) studied the influence
of different amounts PFAR: 10 phr (Table I, mixtures
2-6), 15 phr (Table I, mixtures 7-11), or 20 phr (Table
I, mixtures 12-14) present in the corresponding NBR
compounds, filled by 10-90 phr wood flour.

Set 2 (Table I, mixtures 7-11 and 7'-11") studied the
effect of the manner of PFAR compounding in the
wood flour-filled NBR compounds on the cure char-
acteristics and mechanical properties of the corre-
sponding composites. Therefore we carried out com-
parative testing of a number of wood flour-filled NBR
compounds containing equal amounts PFAR (15 phr/
100 phr WF) added together with the wood flour
(Table I, mixtures 7-11) or just before it (Table I, mix-
tures 7'-11").

Set 3 was aimed at the evaluation of the effect of
corona-activated wood flour in the presence of PFAR.
Therefore we performed comparative experiments
with two series of NBR compounds containing equal
amounts PFAR added in the same manner (just before
the wood flour) but filled by nonmodified (Table I,
mixtures 7'-11') or corona-activated conifer wood
flour (Table II, mixtures 7'-11").

Cure characteristics

The cure characteristics of the wood flour-filled NBR
compounds in the presence of different amounts (10,
20, or 30 phr/100 phr WF) PFAR (containing 5 phr
hexamethylene-tetramine/100 phr resin) are pre-
sented in Figure 1. It is evident that all wood-filled
compounds have slight higher M, ;,, (curves 1-3) com-
pared to nonfilled compounds, as expected. But the
comparison of curves 1-3 shows that M,,;,, decreases

TABLE II
NBR Compounds Containing 15 phr PFAR Added Just
Before the Corona-Treated Wood Flour

Mixture No. 7" 8" 9" 107 11"

CTWEF (phr) 20 35 50 70 90

CTWF, corona-treated wood flour.
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Figure 1 Cure characteristics: M,,;,, (curves 1-3), M, ...
(curves 4-6), AM (curves 7-9), 74, (curves 10-12), and cure
rate, V. (curves 13-15) of wood flour-filled NBR com-
pounds, containing different amounts PFAR (with 5 phr
hexamethylenetetramine /100 phr resin). 10 phr: curves 1, 4,
7,10, and 13; 15 phr: curves 2, 5, 8, 11, and 14; and 20 phr:
curves 3, 6,9, 12, and 15 phr.

slightly with increase of PFAR amount from 10 up to
15 phr at all levels of filling by wood flour. This could
be due to some plasticizing effect of the PFAR. As was
expected®, no significant changes were observed in the
scorch time, 7;. In all cases it was about 3-4 min and
therefore any curves are presented in the figure. A
comparison of the next two groups of curves in Figure
1 (curves 4—-6 and curves 7-9) shows the differences in
the M., and AM, respectively, when different PFAR
amounts (10, 15, or 20 phr) were present in the studied
compounds. The highest values of M, ., and AM are
present in the mixtures containing 15 phr resin at any
wood flour filling level. The optimum cure time, 7y
(compare curves 10-12), and the cure rate, V. (com-
pare curves 13-15), of the wood flour-filled NBR com-
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pounds depend also on the amount of the PFAR
present in the mixture. The differences observed in the
cure characteristics: optimum cure time, 7oy, M,
M, and AM of the wood flour-filled NBR com-
pounds, containing different PFAR amounts could be
accepted as an indication for the existence of signifi-
cant differences in the rubber matrix/wood flour in-
terface interaction'?.

The results of our comparative testing of a number
of wood flour-filled NBR compounds containing
equal amount PFAR (15 phr/100 phr WF) added to-
gether with the wood flour (Table I, mixtures 7-11) or
just before it (Table I, mixtures 7'-11’) are presented in
Figure 2. The comparison of curves 1 and 2 shows that
M,,i, does not change significantly; curves 4 and 5 as
well as 7 and 8 show that M,,,,, and AM, respectively,
increase; the optimum cure time, 74, (curves 10 and 11)
decreases, and the cure rate, V. (compare curves 13
and 14) increases slightly (excluding the filling levels
under 35 phr where the changes are opposed). All
differences observed in the cure characteristics of the
mixtures containing equal PFAR amounts added to-
gether with the wood flour or just before it indicate
probable different dispersion of the resin in the rubber
matrix as well as in the wood flour in both cases. This
reflects on the cure processes and affects the vulcani-
zation parameters.

Expecting higher activity of the corona-treated
wood flour as a filler to NBR compounds containing
PFAR, as was found for similar NBR compounds but
not containing this resin'’, we made a third set of
experiments at which the nonmodified conifer wood
flour was replaced by a corona treated one. The results
of the comparative study of the cure characteristics of
NBR compounds containing 15 phr PFAR, added just
before the filler and filled by nonmodified or corona-
treated wood flour, are presented in Figure 2. It is
evident that the use of corona-activated instead of
nontreated wood flour leads to an increase in M,;,
(compare curves 2 and 3 in Fig. 2), M,,,,, (compare
curves 5 and 6 in Fig. 2), and AM (compare curves 8
and 9) when the filling level is under 35 phr. The
optimum cure time, 7o, (compare curves 11 and 12 in
Fig. 2), and the cure rate, Vc (compare curves 14 and
15 in Fig. 2), are almost equal for the mixtures filled by
nonmodified or corona-treated wood flour.

Evidently, the replacement of nonmodified wood
flour by corona treated wood flour leads to more
pronounced changes in the cure characteristics of the
filled NBR compounds containing PFAR compared to
similar compounds that do not contain this resin'’.

Mechanical properties, water adsorption, and aging

The results of a comparative mechanical testing of
wood flour—filled NBR vulcanisates in the presence of
different PFAR amounts are presented in Figure 3. It is
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Figure 2 Cure characteristics: M,,;,, (curves 1-3), M, ..
(curves 4-6), AM (curves 7-9), 7o (curves 10-12), and cure
rate, V. (curves 13-15) of wood flour-filled NBR com-
pounds, containing 15 phr PFAR (with 5 phr hexamethyle-
netetramine/100 phr resin), added together with conifer
wood flour (curves 1, 4, 7, 10 and 13) or just before it (curves
2,5, 8,11 and 14). Curves 3, 6, 9, 12, and 15 correspond to
NBR compounds containing the same amount (15 phr) of
PFAR, added just before the filler, but the nonmodified
wood flour was replaced by corona-activated wood flour.

evident that all wood flour-filled NBR vulcanisates
containing PFAR (10, 15, or 20 phi‘) have increased
modulus Mg, (Fig. 3, curves 1-3) and Shore A hard
ness ( 2, curves 10-12} coinpared to the contirol
I'IL)E'I[!“L'K' ompound and as it 1 1 the absence of
PFAR (Fig. 3, curve 17). Both parameters, the modulus
Mg, and Shore A hardness, increase with the increase
of the filling level, as in the absence of PFAR (Fig. 3,
curve 10°). The clongahon at break, e (Fig. 3, curves
7-9), decreases with the increase of the filling level,
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excluding the vulcanisates containing 15 or 20 phr
PFAR/100 phr wood flour and wood flour up to 35
phr/100 phr rubber. A slight increase in this parame-
ter is observed in the range of the relatively low filling
level (about 20-35 phr wood flour). Contrary to the.
NBR compounds filled by wood flour in absence of
PFAR, at which the tensile strength, o (Fig. 3, curve
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Figure 3 Mechanical parameters: modulus, M,,, (curves
1-3), tensile strength, o (curves 4--6), elongation at break, &
(curves 7-9), and Shore A hardness (curves 10-12) of wood
flour-filled NBR compounds, containing 15 phr PFAR {\\ :111
r\Pr hexamethylerciotramin w’]tl{} phr resin), added to-
wr with conifer wood fiour (curves 1, 4, 7, 10, 1 1
j- f ':u-'-'c”'e it {curves 2, 5, &, and 14) For comparis
curves 17, 47, 7', and 10" corresponding to NBR compound:
filled by wood flour in the absence of PFAR are presented
here. Curves 3, 6, 9, 12, and 15 correspond to NBR com-
pounds containing the same amount (15 phr) of PFAR,
added just before the filler, and corona-activated instead of
nonmodified wood flour.
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Figure 4 General picture of the wood flour dispersion in
the polymer matrix (X50). NBR filled by 50 phr conifer wood
flour in the presence of 15 phr PFAR/100 phr wood flour.
All other samples are similar and therefore their photo-
graphs are not presented here

4'), demonstrates a tendency to slightly decrease with
the increase of the filling level, the tensile strength, o,
of the NBR vulcanisates containing PFAR (Fig. 3,
curves 4-6) increases with the increase of the filling
level. The differences observed in the mechanical pa-
rameters of the vulcanisates containing or not contain-
ing PFAR indicate the existence of some differences in
the interface interactions in the presence and absence
of PFAR. The comparison of the groups of curves 1-3,
4-6, and 7-9 in Figure 3 shows that the modulus,
Mqy; the tensile strength, o; and the elongation at
break, &, respectively, of the wood flour-filled NBR
compounds at all filling levels depend significantly on
the amount (10, 15, or 20 phr) of the PFAR. These
parameters (excluding the elongation at break & that
have maximal values at 20 phr PFAR) have maximal
values at 15 phr PFAR. The increase of the M is up
to over five times (it is up to about 3.5 times in absence
of PFAR) and of the tensile strength is up to about 2.4
times (there is slight decrease in absence of PFAR) at
90 phr wood flour in presence of 15 phr PFAR. The
different amounts of PFAR present in the wood flour-
filled NBR compounds does not affect significantly the
Shore A hardness (compare curves 10-12 in Fig. 3).
The changes observed in the other mechanical param-
eters, My and tensile strength of the wood flour—
filled NBR compounds in the presence of different
PFAR amounts, are in compliance with the changes
observed in M,,,,, and AM from the Monsanto rheo-
grams (sce Fig. 1, curves 4-6 and 7 0) Any clearly
expros nimpy is observed in the PFAR-con-
taining NBi ~omn apounds filled by o o ficur as dem-
onstrated our nicroscopy study (Fig. «

The mechanical parameters of the wood flour-filled
NBR compounds containing equal amounts (15 phr)
of PFAR added together with the wood flour (curves
1, 4, 7, 10, and 13) or just before it (curves 2, 5, 8, 11,

e

and 14) are presented in Figure 5. The addition of the
PFAR just before the wood flour leads to additional
increase of the modulus, M,y (compare curves 1 and
2 in Fig. 5), tensile strength, o (compare curves 4 and
5 in Fig. 5), and the elongation at break, & (compare
curves 7 and 8 in Fig. 5), which could be due to better
homogenization of the PFAR in the rubber matrix as
well as of some affect of the cure process. This last one
is confirmed by all changes observed in the cure pa-
rameters (see Fig. 2). The Shore A hardness (compare
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Figure 5 Mechanical parameters: modulus, M,,, (curves
1-3), tensile strength, o (curves 4-6), elongation at break, &
(curves 7-9), and Shore A hardness (curves 10-12) and

water adsorption, Wa (curves 12 and 14) of wood flovr—filled
M snpounds, containing 17 phr PEAR (with 5 p!
amel: stramine,/ 100 [':lt 1), added together

sod flour (curves 1, 4, 7, 10, and 13) or just before
it (curves 2, 5, 8, 11, and l<') Curves 3, 6, 9, 12, and 15
correspond to NBR compouncds containing the same amount
(15 phr) of PFAR added just before the filler but the non-
modified wood flour was replaced by corona-activated
wood flour.
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TABLE III
Changes in the Mechanical Parameters of the Studied NBR Compounds Filled by Nonmodified
Wood Flour (WF) or CTWF in the Presence of Different Amounts of PFAR
PFAR (phr/100  WF (phr/100 phr  CTWF (phr/100 Farameter
Mixture No. phr WF) NBR) phr NBR) Mo, (%) & (%) & (%) Shore A (unit)
1 —_ —_ e +7.0 =136 -200 +7
2 10 20 e +5.2 -6.0 189 +5
3 10 35 —_ +4.9 -58 -16.1 +5
4 10 50 — +3.9 -92 -156 +6
5 10 70 — +6.0 —70. =150 +6
6 10 90 e +5.1 =53 -141 +6
7 15 20 — +4.8 =h53 . =113 +5
8 15 35 - +5.0 -48 -123 +6
9 15 50 e +4.2 -39 -126 +5
10 15 70 — +5.6 -46 -12.7 +4
11 15 90 —— +3.9 —4.3 =119 +3
7' 15 20 — +4.0 -42 =106 +3
8 15 35 e +4.6 =ah =18 +4
9! 15 50 e -1.6 =38 =116 +5h
10° 15 70 —_ +5.2 —-4.1 -11.3 +6
11’ 15 90 — +4.0 =36 -110 +3
i 15 — 20 +3.6 =34 =102 +2
8" 15 — 35 -29 -36 -106 +3
o~ 15 e 50 +5.0 =29 =110 +4
10" 15 e 70 +5.3 =30 =101 +6
11" 15 —_ 90 +4.0 -2.0 -9.6 +6
12 20 20 —_ +2.3 -1.1 —-6.2 +2
13 20 35 — +3.0 —-20 -84 +1
14 20 50 —_ ~1.0 =0.8 7.0 +2
15 20 70 — +22 -1.2 —6.5 +3
16 20 a0 — +21 ~22 —~5.2 +1

curves 10 and 11 in Fig. 5) and the water adsorption
(compare curves 13 and 14 in Fig. 5) do not change
significantly as was expected.

The replacement of the nonmodified wood flour by
corona-treated wood flour in the filled NBR com-
pounds containing 15 phr PFAR, added just before the
filler, leads to an additional increase of the modulus
M,y (compare curves 2 and 3 in Fig. 5), and the tensile
strength, o (compare curves 5 and 6 in Fig. 5), and to
a slight decrease of the elongation at break, & (compare
curves 8 and 9 in Fig. 5). Both the surface etching that
increases the surface roughness and hence the geomet-
ric area and the surface oxygen-containing groups
accumulation increasing the surface polarity of the
corona-treated wood flour particles''could explain the
additional improvement of the mechanical parameters
of the PFAR-containing NBR compounds, at which the
nonmodified wood flour is replaced by a corona-acti-
vated one. The changes of Shore A hardness (compare
curves 11 and 12 in Fig. 5) and the water adsorption,
W, (compare curves 14 and 15) are insignificant. Evi-
dently, the corona treatment of the wood flour turns it
into a semiactive filler in NBR compounds containing
PFAR. The same was concluded earlier for the corona-
treated wood flour-filled NBR compounds not con-
taining PFAR"". The general description and control of
the plasma-chemical surface modification of different

materials is too complicated because of the very large
variety of plasma-chemical processes leading to sur-
face etching and surface chemical compound and po-
larity changes. This is the reason we are performing
structural and chemical analyses to characterize the
corona-modified wood flour. The results of our scan-
ning electron microscopy observations, contact angles
with polar and nonpolar liquids measurements, the
surface tension and polarity calculation, electron spec-
troscopy for chemical analysis (ESCA) surface analy-
ses of wood flour, corona treated under different op-
erating conditions (including treatment voltage, dura-
tion, and medium) as well as its effect in rubber
matrices with opposite polarity will be published in
future papers.

It appears, that wood flour-filled NBR compounds
with increased modulus, M, o, (up to about 5-6 times),
tensile strength, o (up to about 2.5-3 times), and Shore
A hardness (up to about 90) could be obtained using
corona-activated wood flour in combination with
PFAR (15 phr/100 phr wood flour). Such vulcanisates
(see curve 15 in Fig. 5) demonstrate relatively low
water adsorption (in the range of 3-8%), which is due
to both the presence of the PFAR in the studied NBR
compounds and the complete encapsulation of the
wood flour particles in the rubber matrix.
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The changes of the mechanical parameters after ag-
ing (70°/168 h) of the studied NBR compounds are
presented in Table III. No clearly expressed regularity
is observed, but it is evident that all compounds con-
taining PFAR (mixtures 2-16; 7'-12" and 7'-12" in Table
II) filled by nonmodified (mixtures 2-16; 7°-12' in
Table III) or corona-treated (mixtures 7'-12" in Table
I1I) wood flour have increased thermal-oxidative sta-
bility compared to the control mixture (mixture 1 in
Table III) that does not contain nor PFAR or wood
flour. Such a result is not surprising because 1) the
PFAR usually increases®‘the aging resistance of the
rubber and 2) the wood flour does not influence sig-
nificantly the aging resistance of the NBR vulcani-

sates'.

CONCLUSION

It was established that the PFAR affects considerably
the cure characteristics and the mechanical properties
of the wood flour—filled NBR compounds due to a
presumable action as an interface interactions modi-
fier. It improves also their thermal-oxidative stability,
acting as an antiaging agent.

The optimal PFAR amount with regard to the cure
characteristics and mechanical parameters is about 15
phr/100 phr wood flour.

The addition of PFAR just before the wood flour is
to be preferable because of both its better homogeni-
zation in the rubber matrix and its lower adsorption
by the wood flour, leading to an improvement of the
mechanical properties of the wood flour-filled NBR
compounds.
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The replacement of nonmodified by corona-treated
wood flour leads to additional increase in the M,
the AM, and the mechanical parameters without sig-
nificant change of the optimum cure time, aging resis-
tance, and water adsorption.

The inclusion of an optimal PFAR amount (15 phr/
100 phr rubber) in the NBR compounds filled by co-
rona-activated wood flour offers a possibility for ob-
taining vulcanisates with a sharply increased modu-
lus, Mg, (up to about 6 times), tensile strength, o (up
to about 3 times), and Shore A hardness (with up to 35
units), having simultaneously improved aging resis-
tance and decreased water adsorption.
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