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ABSTRACT: Binary vinyl monomers such as methylmethacrylate (MMA)/Ethylacrylate (EA), MMA/Acrylo-

nitrile (AN) and MMA/Acrylic acid (AA) have been graft co-polymerized onto flax fibers under the influence of micro-

wave radiations (MWR). Various reaction parameters have been optimized and maximum grafting (25%) was observed

in reaction time of 30min at 210W microwave power. Flax-g-copolymers thus prepared were used as reinforcing

material in the preparation of flax-phenolic composites. Wear resistance was maximum with reinforcement of Flax-g-

poly(MMA/AA). Composites reinforced with Flax-g-poly(MMA/EA) showed better tensile strength and can bear load

upto 225N with extension of 3.28mm and composites reinforced with Flax-g-poly(MMA/AA) showed better compres-

sive strength and can bear load upto 1000N with compression of 1.74mm. Maximum values of MOR, MOE and SP

were found to be 108.0N/mm2, 5295.62N/mm2 and 99.29N/mm2 for the composites reinforced with Flax-g-poly-

(MMA/AA). On grafting of flax fibers with vinyl monomers, fibers become more and more moisture retardant. It

has been found that strength of Flax-g-copolymers was found more than that of raw flax fibers. Flax-g-poly(MMA/

AA) has been found to show good thermal stability in comparison to other graft co-polymers and raw flax fibers. Phe-

nol-formaldehyde (PF) composites reinforced with graft co-polymers of flax fibers showed better mechanical properties

in comparison to composites reinforced with raw flax fibers. Composites reinforced with Flax-g-poly(MMA/AA)

showed the increased values of MOR, MOE and SP. [doi:10.1295/polymj.PJ2007073]
KEY WORDS Flax / Graft Copolymerization / Phenol-formaldehyde / Composites / MOR /

MOE / SP /

Graft copolymerization is one of the best methods
for modifying the properties of natural polymers. Dif-
ferent binary vinyl monomer mixtures have been graft
copolymerized onto cellulosics material for modifying
the properties of numerous polymer back-bones.1

Modifying the properties of natural polymers through
graft copolymerization has been reported by various
workers.2–12

The conventional technique of grafting and chemi-
cal modification of natural fibers requires significant
time and energy. The use of MWR technique to mod-
ify the properties of natural fibers within the textile in-
dustry, although somewhat slow and still rather limit-
ed, is finding its way into numerous uses in production
plants.13 Microwave radiation technique reduces the
extent of physico-chemical stresses to which the fibers
are exposed during the conventional techniques.12

Properties of natural fibers treated under MWR tech-
nique are same or even better than those of fibers
modified through conventional techniques.13,14 Singh
et al.15,16 have graft copolymerized the polyacryl-
amide onto chitosan and guar gum using MWR tech-
nique and found that maximum grafting was observed
in very less time.
In recent years, polymer composites reinforced with

natural fibers have received considerable attention
both in literature and industry. Cellulose fibers have

attracted the attention of scientist and technologist
for energy-intensive applications, since these fibers
are strong, light weight, abundant, renewable, non-
abrasive, non-hazardous and inexpensive. The re-
duced tear and flexibility of processing machinery
with no health problems make these fibers excellent
reinforcing materials for plastics.17 Composites rein-
forced with natural fibers have several advantages
over traditional material reinforced composites.18–20

Moisture causes degradation of mechanical properties
of composites reinforced with natural fibers to a larger
extent in comparison to composites reinforced with
synthetic fibers, as a consequence of the higher mois-
ture sorption behaviour and the organic nature of nat-
ural fibers.21,22 In order to develop composites with
better mechanical properties and environmental per-
formance, it becomes necessary to increase the hydro-
phobicity of the natural fibers and to improve the in-
terface between matrix and natural fibers. There are
number of methods to obtain these improvements
such as graft copolymerization, esterification, silane
treatment, plasma treatment and other chemical treat-
ments. Only few workers have reported the use of
graft copolymers as reinforcing material in the prepa-
ration of composites. Kaith et al.23–26 have reported
the reinforcement of plastics with graft copolymers
of flax fibers and it has been found that composites re-
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inforced with graft copolymers of flax fibers showed
better mechanical properties. Mechanical properties
of composites reinforced with acrylate grafted hene-
quen cellulosics fibers were studied and found that
best results obtained with poly(MMA) grafted cellu-
lose fibers because of better fiber-matrix adhesion.27

Since the use of graft copolymers of natural fibers
as reinforcement for plastics is meagerly reported
and flax fibers are rich source of cellulose and are ex-
pected to provide an excellent material for their use in
the preparation of phenol-formaldehyde composites.
So, in the present paper, we report the preparation
of composites from graft copolymers of flax fibers
using phenol-formaldehyde as the binding material.

EXPERIMENTAL

Materials and Methods
Natural flax fibers (Linum usitatissimum) were sup-

plied by Department of Agronomy, CSK HP Agricul-
ture University, Palampur (India). Phenolic resin (re-
sole) was prepared by the reaction of phenol (s d
fine-chem ltd., India) and formaldehyde (CDH, India)
in material science laboratory.25 The specific absorp-
tion bands in the IR spectrum of the phenolic resin
confirm the presence of its typical structural compo-
nents. They are as follows: aromatic ring, 1594–1605
cm�1; hydroxyl groups, 3306 cm�1; hydroxyl groups
connected with phenyl ring, 1229.4 cm�1; hydroxy-
methyl groups, 993–1023 cm�1; methylene linkages,
2873–2959 and 1456–1473 cm; ether linkages, 1069
cm�1. The chemical structure of the phenolic resin
(average molecular weight of about 457 g/mol) is also
confirmed by 1H NMR and 13C NMR spectrum,
where are indicated the chemical shifts corresponding
to the protons from relevant structural segments.28–30

Soxhlet extraction of the flax fibers with acetone
was carried-out for 72 h. Monomers were washed
with 5% sodium hydroxide followed by water and
were dried over anhydrous sodium sulphate. The dried
monomers were distilled and the middle fraction was
used. Composites were prepared in Compression
Molding Machine (SANTEC India Ltd.). Libror
AEG-220 (Shimadzu make) electronic balance was
used for weighing purpose.
IR spectra of the samples were recorded with KBr

pellets on Bomem, Hartmann & Braun (MB-Series)
Spectrophotometer. Scanning electron microscopic
analysis of the flax and its graft co-polymers were car-
ried-out on Electron Microscopy Machine (LEO 435
VP). Thermo gravimetric analysis and differential
thermal analysis studies were carried-out in air on a
thermal analyzer (LINSEIS L-81 11) at the heating
rate of 10 �C per minute.
Strength of fibers was measured with Stelometer

(MAG, FO501). Wear-resistance testing of the com-
posites was carried-out on Wear & Friction Monitor
(DUCOM, 20LE). Tensile and Compressive strength
of samples were tested on Universal Testing Machine
(HOUNSFIELD, H25KS).

Graft Co-polymerization of Binary Vinyl Monomer
Mixtures onto Flax Fibers under the Influence of
Microwave Radiations
Flax fibers (0.5 gm) were immersed in 100mL of

distilled water for 24 h prior to their grafting under
the influence of microwave radiations. A definite ratio
of FAS-H2O2 and a known amount of binary mono-
mers were added to the reaction mixture. The reaction
mixture was stirred and transferred to microwave
oven at 210W microwave power (60 �C) for a definite
time interval. Microwave technology uses electromag-
netic waves, which passes through material and causes
its molecules to oscillate. Micro-wave energy is not
observed by non-polar materials to any degree while
polar water molecules held within a polymer matrix
do absorb energy very proficiently, thus becoming
heated.12 The graft copolymer was Soxhlet extracted
with acetone for about 5–6 h so as to remove homo-
polymer. Further, the traces of homopolymer were
separated from graft copolymer by stirring the graft
copolymer in acetone for about 24 h using magnetic
stirrer. Graft co-polymers obtained were dried in oven
at 50 �C till constant weight was obtained. The per-
centage grafting (Pg) was calculated as follows:

Pg ¼
W2 �W1

W1

� 100

Where W1 and W2 are the weights of raw flax and
grafted flax, respectively.

Moisture Absorbance Behaviour and Fiber Strength
of Graft Co-polymers
Moisture absorbance at different humidity levels of

the grafted and ungrafted samples was carried-out as
per the methods reported earlier.31,32 Fiber strength
was measured with fiber bundle strength tester (Stelo-
meter). Known weight of fibers bundle was put in
Stelometer and the total strength (gms/tex) required
to break the fibers was measured and calculated as
follows:

Strength (Kg/mg) ¼
Total strength of fibers in Kg

Total weight of fibers in mg

Strength (gms/tex) = Strength (Kg/mg) � 15.0
(constant factor)
Actual Strength (gms/tex) = Strength (gms/tex) �
Humidity correction factor
Whereas Humidity correction factor at RH 53% is
1.0756
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Preparation of Composites
A definite amount of phenol-formaldehyde resin

was thoroughly mixed with fibers (10:0.5 w/w). After
thorough mixing of the fibers and resin, the mixture
was poured in molds. The surfaces of molds were
coated on the inside with oleic acid to avoid adhesion
of the mixture and to allow easy removal of the com-
posites. The whole assembly was then placed inside
the hot press and cured at 90 �C and a pressure of
10Kg/cm2 for 5 h. Composites thus prepared were
subjected for the evaluation of different mechanical
properties. The numbers of specimen used for
the determination of mechanical properties were three
and the tests were conducted at ambient laboratory
conditions.

Wear Test
Wear resistance of composites was carried-out as

per ASTM D 3702 on DUCOM make machine. Wear
resistance was conducted against hardened steel disc
having hardness of 60 HRC and roughness Ra: 0.5
mm. Counter surface was polished using emery paper
and cleaned with acetone before each sliding test.
Samples (3 cm) for wear test were held against rotat-
ing counter surface at different speeds (100–600
RPM) and normal loads (1–4Kg). Each test was con-
ducted for 5min of sliding. Loss of weight was used
as a measure of wear.

Tensile Strength Test
Testing of composites for tensile strength was

done as per ASTM D 3039. The composite sample
of 8 cm length was clamped between two jaws of
the Universal Testing Machine. Each end of the jaws
covered 2 cm of the sample. Rest of the 4 cm sample
was used to study the tensile behaviour. Readings for
force and extension were set at zero. The tests were
conducted at constant strain rate of order of 5mm/
min. Tensile stress was applied till the failure of
the sample and the load-extension curve was ob-
tained.

Compressive Strength Test
Compressive strength of the composites was stud-

ied by using the procedure described in ASTM D
3410. Composite sample of 4 cm was held between
two platforms and the strain rate was fixed at 2mm
per minute. The compression stress was applied till
the failure of the sample. Total compression per unit
force was noted.

Modulus of Rupture and Modulus of Elasticity
MOR and MOE were determined according to

ASTM D 790 in a universal testing machine and were
calculated by using the following equations:

MOR ¼
3 PL

2 bd2
N/mm2

MOE ¼
P1L

3

4 bd3y
N/mm2

Where P = peak load, L = length of sample, b =
width of the sample, d = thickness of the sample,
P1 = load at the limit of proportionality and y = rate
of bending.

Stress at the Limit of Proportionality
Stress at the limit of proportionality was calculated

by using the following equation:

SP ¼
3 P1L

2 bd2
N/mm2

Where P1 = load at the limit of proportionality,
L = length of sample, b = width of the sample and
d = thickness of the sample.

RESULTS AND DISCUSSION

C2, C3 and C6 hydroxyls and the C-H groups are the
active cites for grafting in cellulosics. The grafting on-
to flax fibers in presence of FAS-H2O2 (Fenton’s
reagent) as initiator is supposed to take place as per
the mechanism proposed by Misra et al.33 The mech-
anism for the grafting of flax fibers by vinyl mono-
mers in presence of Fenton’s reagent is as follows:

Fe2þ þ H{O{O{H �! OH� þ Fe3þ þ OH� ð1Þ

OH� þM �! OH{M� ��!
nM

OH{(M)�nþ1 ð2Þ
OH� þ Flax{H �! Flax� þ H2O ð3Þ
OH{(M)�nþ1þFlax{H�! Flax� þOH{(M)nþ1{H ð4Þ

Flax� þM �! Flax{M� ��!
nM

Flax{(M)�nþ1 ð5Þ
Flax{(M)�nþ1 þ OH� �! Flax{(M)nþ1{OH ð6Þ
Flax{(M)�nþ1 þ Fe3þ �! Flax{(M)nþ1 þ Fe2þ ð7Þ
Where M denotes the monomer.
On the basis of the above mechanism, reaction sites

on the backbone polymer can be generated by the re-
action between OH� and flax fibers (3). As is clear
from step (1), the formation of hydroxyl free radicals
(OH�) occurs by the reaction between Feþ2 and H2O2.
The OH� initiate the polymerization reaction to pro-
duce the growing polymeric chains (3) which can at-
tack the active sites of polymeric back-bone to give
the graft co-polymers (5). Alternatively, the growing
polymeric chains can lead to the formation of homo
polymer (2). However, the abstraction of hydrogen
atom from main back-bone through step (3) is unlike-
ly as the concentration of Fenton’s reagent is very
small. Therefore, hydroxyl free radicals will prefer
to interact with vinyl monomers thereby giving grow-
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ing polymeric chain which in turn creates sites on flax
back-bone by hydrogen abstraction (4). Termination
of various active species in the reaction mixture
may take place by recombination step (6) and by
transfer process (7). The concentration of ferric ions
(Feþ3) in the reaction mixture plays an important role
in getting the percentage grafting as it is directly in-
volved in the termination of the reaction.
MWR technique reduces the extent of physico-

chemical stresses to which the fibers are exposed dur-
ing the conventional techniques of grafting and it uses
electromagnetic waves, which passes through material
and causes its molecules to oscillate. Micro-wave
energy is not observed by non-polar materials to any
degree while polar water molecules held within a
polymer matrix do absorb energy very proficiently,
thus becoming heated.12

Optimization of Various Reaction Parameters
Optimized reaction conditions for getting maxi-

mum graft yield were: MMA (1:96� 10�3mol L�1);
FAS-H2O2 (molar ratio), 1:6; time (min.), 30 and
pH, 7.0.
As evident from Figure 1, Pg increases with in-

crease in monomer concentration and after reaching
the maximum value (24.64%), further increase in
monomer concentration decreases the graft yield
which is due to the predomination of homo-polymer-
ization over graft co-polymerization. Moreover,
increased viscosity of the reaction medium with
homo-polymerization creates hindrance in the path
of the free radicals in reaching the active sites, thereby
resulting in less graft yield.31,32

FAS-H2O2 molar ratio plays an important role in
deciding the graft yield (Figure 2). Maximum grafting
has been observed at 1:6 molar ratio, further increase
in molar ratio resulted in decreased the graft yield
which is due to the fact that at higher concentration
more Fe3þ ions are produced which act as the chain
terminer.33

Pg has been found to increase with increase in reac-
tion time, but after 30 minutes, a decline in Pg has

been observed (Figure 3). This is due to the setting-
up of various hydrogen abstraction reactions and in-
crease in viscosity of the medium due to homo-poly-
merization. Pg has been found to increase with in-
crease in pH of the reaction medium till 7.0 pH.
Further increase in pH resulted in decreased Pg
(Figure 4). This is probably due to decrease in con-
centration of free radicals as the OH ions act as the
chain terminer as shown below:31

Flax{(M)�nþ1 þ OH� ! Flax{(M)nþ1{OH

Effect of Concentration of Binary Monomer Mixtures
on Percent Grafting
Graft copolymerization of binary vinyl monomer

Figure 1. Effect of MMA concentration on % grafting

(Time ¼ 30min; FAS:H2O2 = 1.0:6.0; pH ¼ 7:0).

Figure 2. Effect of FAS-H2O2 ratio on % grafting (Time ¼
30min; MMA ¼ 1:96� 10�3 mol L�1; pH ¼ 7:0).

Figure 3. Effect of reaction time on % grafting (MMA ¼
1:96� 10�3 mol L�1; FAS:H2O2 = 1.0:6.0; pH ¼ 7:0).

Figure 4. Effect of pH on % grafting (Time ¼ 30min;

FAS:H2O2 = 1.0:6.0; MMA ¼ 1:96� 10�3 mol L�1).
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mixture such as MMA/EA, MMA/AN and MMA/
AA on to flax fibers under the influence of microwave
radiations using MMA (1:96� 10�3mol L�1) as prin-
cipal monomer showed 51.2% (EA ¼ 2:3� 10�3 mol
L�1), 17.8% (AN ¼ 2:27� 10�3mol L�1), 12.08%
(AA ¼ 2:91� 10�3 mol L�1) maximum grafting, re-
spectively (Figures 5–7).
In case of graft copolymerization of binary vinyl

monomer mixtures such as MMA/EA and MMA/
AN onto flax fibers, a high percent graft yield has
been obtained which is due to the presence of strong
acceptor monomer in the binary mixture MMA/EA
and MMA/AN. A low percent graft yield has been ob-
tained in case of binary mixture MMA/AA, which is
due to the fact that AA is more associated with water

thereby resulting in decreased free radical sites and
hence resulted a low graft yield.

Characterization of Graft Co-polymers
IR spectrum of raw flax fibers showed a broad peak

at 3420 cm�1 which was due to bonded –OH groups
and at 2925.5 cm�1, 1458.6 cm�1 and 1055.87 cm�1

arising from –CH2, C-C and C-O stretching, respec-
tively. However, in case of Flax-g-poly (MMA/EA),
Flax-g-poly (MMA/AN) and Flax-g-poly (MMA/
AA) additional peaks at 1720 cm�1 because of
>C=O of MMA and at 1780 cm�1, 2250 cm�1 and
1695 cm�1 due to –COOC2H5, -C=N and >C=O of
–COOH, respectively, have been observed. Peak due
to –OH of –COOH has been observed at 2695 cm�1.
A clear cut distinction between scanning electron

micrographs of raw flax and its graft co-polymers,
Flax-g-poly (MMA/EA), Flax-g-poly (MMA/AN)
and Flax-g-poly (MMA/AA) has been observed.
(Figures 8, 9, 10 and 11)

Thermal Behaviour of Graft Co-polymers
Thermo-gravimetric analysis (TGA) is an important

technique to measure the physical properties of a sub-

Figure 5. Effect of MMA/EA concentrations on % grafting

under optimum reaction conditions.

Figure 7. Effect of MMA/AA concentrations on % grafting

under optimum reaction conditions.

Figure 6. Effect of MMA/AN concentrations on % grafting

under optimum reaction conditions.

Figure 8. SEM of Raw Flax.

Figure 9. SEM of Flax-g-poly (MMA/EA).
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stance and its reaction products as a function of tem-
perature whilst the substance is subjected to a control-
led temperature program.34 On the other hand, Differ-
ential thermal analysis (DTA) is important to identify
polymers, to generate phase diagram and for phase
transition studies. It helps to determine melting and
decomposition of organic compounds.35

Thermal transition for a polymer often ranges be-
cause even a pure polymer is a mixture of homologs
and not a single chemical entity.
Thermo-gravimetric analysis of raw flax fibers and

graft co-polymers were carried out as a function of
weight loss versus temperature. The results of TGA
have been depicted in Table I. It has been found that
initial and final decomposition temperatures of raw
flax fiber were 279.9 �C and 489.1 �C, respectively.
Whereas in case of Flax-g-poly(MMA/EA), Flax-g-
poly(MMA/AN) and Flax-g-poly(MMA/AA), initial
decomposition temperatures are 316.1 �C, 314.3 �C
and 241.6 �C, respectively and final decomposition
temperatures are 415.1 �C, 449.2 �C and 495.7 �C,
respectively. In case of Flax-g-poly(MMA/EA) and
Flax-g-poly(MMA/AN) initial decomposition tem-

peratures are higher as compared to those of raw flax
fibers and Flax-g-poly(MMA/AA). However, in case
of Flax-g-poly(MMA/AA), thermal stability is not
altered as much by grafting process. Flax-g-poly-
(MMA/AA) has been found to show higher final de-
composition temperature. This is due to the less per-
cent grafting with MMA/AA, therefore, fewer distur-
bances in crystal structure of the fibers.
TGA results have been supported by Differential

thermal analysis (DTA) studies. DTA of raw flax fiber
shows exothermic peaks at 325.3 �C (13.8 mV) and
there has been a continuous exothermic combustion
of the sample at furnace temperature in presence of
atmospheric oxygen. This peak shows the disturbance
in H-bonded amorphous region. Another sharp exo-
thermic peak has been observed at 455.3 �C (38.9
mV), which indicates the complete break down of
the crystalline region at this temperature. However,
in case of Flax-g-poly(MMA/EA) and Flax-g-poly-
(MMA/AN), exothermic peaks at 374.7 �C (47.1mV)
and 347.0 �C (28.1 mV)/408.2 �C (31.8 mV) have been
observed, respectively (Table II). Flax-g-poly(MMA/
AA) has been found to exhibit a sharp exothermic
peak at 435.1 �C (48.9mV) (Table II). With increase
in percentage of grafting, the original crystal lattice
of the fibers gets disturbed, which results in the lower
final decomposition temperature of the graft co-poly-
mers. Thus it has been observed that there exists a di-
rect correlation with percentage of grafting and crys-
tallinity.

Moisture Absorbance Behaviour
It is evident from Figures 12–14 that moisture

absorbance decreases with increase in Pg. Cellulosic

Figure 11. SEM of Flax-g-poly (MMA/AA).

Table I.

Sr.
No.

Sample
IDT
(�C)

% Wt.
Loss

FDT
(�C)

% Wt.
Loss

Final
Residue
(%)

1. Raw Flax 279.9 16 489.1 72 12

2. Flax-g-poly(MMA/EA) 316.1 1 415.1 52 47

3. Flax-g-poly(MMA/AN) 314.2 2 449.2 41 57

4. Flax-g-poly(MMA/AA) 241.6 11 495.7 87 2

Table II.

Sr.
No.

Sample
Exothermic peaks at
temperature (mV)

1. Raw Flax 325.3 �C (13.8)

455.3 �C (38.9)

2. Flax-g-poly(MMA/EA) 374.7 �C (47.1)

3. Flax-g-poly(MMA/AN) 347.0 �C (28.1)

408.2 �C (31.8)

4. Flax-g-poly(MMA/AA) 435.1 �C (48.9)

Figure 10. SEM of Flax-g-poly (MMA/AN).
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fibers contain active groups like -OH and –CH2OH.
These groups have got high affinity towards moisture.
Moreover, these are the groups on the backbone poly-
mer where the grafting of the polymer chains takes
place and are known as active sites. On grafting most
of these active sites vulnerable to moisture absorb-
ance, get blocked with the incorporation of poly-
(MMA/EA), poly(MMA/AN) and poly(MMA/AA)
chains. Thus with increase in percentage grafting

moisture absorbance decreases and fibers becomes
more and more moisture retardant.31,32

Fiber Strength
It has been observed that graft copolymers showed

more fiber strength in comparison to raw flax fibers.
Optimum reaction time for getting maximum graft
yield is quite less, so grafting has resulted in less sur-
face flaws and the crystal lattice of the fibers is not
disturbed very much which leads to better fiber
strength of graft co-polymers12,36 (Table III).

Mechanical Properties of the Raw Flax and Flax-g-
copolymer Reinforced Phenol-Formaldehyde Compo-
sites

Wear Test. It is evident from Table IV that wear
resistance is maximum with Flax-poly(MMA/AA)
reinforcement followed by Flax-poly(MMA/EA),
raw flax, Flax-poly(MMA/AN) and phenol-formalde-
hyde matrix. Loss of material in these samples is due
to abrasion and frictional heat generated due to slid-
ing, which enhances further on increasing the
load.23–27

Tensile Strength
It has been observed that composites reinforced

with Flax-g-poly(MMA/EA) showed better tensile
strength and can bear load upto 225N with extension
of 3.28mm. Composites reinforced with raw flax,
Flax-g-poly(MMA/AA) and Flax-g-poly(MMA/AN)
can bear load upto 150N with extension of 2.17
mm, 2.23mm and 2.37mm, respectively. Phenol-
formaldehyde matrix gets failure at 75N with exten-
sion of 1.88mm23–27 (Table V).

Figure 12. Effect of % grafting of MMA/EA onto flax fibers

on moisture absorbance behaviour.

Figure 14. Effect of % grafting of MMA/AA onto flax fibers

on moisture absorbance behaviour.

Table III.

Sample Code % Grafting
Fiber Strength
(gms/tex)

Raw Flax — 28.84

Flax-g-poly(MMA/EA) 51.20 37.58

Flax-g-poly(MMA/AN) 17.80 36.90

Flax-g-poly(MMA/AA) 12.08 57.59

Table IV.

Sample Code
Wear Resistance (gm/m � 10�4)

1 Kg 2Kg 3Kg 4Kg

Phenol-formaldehyde 18 34 56 77

Raw Flax reinforcement 10 14 17 21

Flax-g-poly(MMA/EA)
reinforcement

8 11 16 20

Flax-g-poly(MMA/AN)
reinforcement

11 16 22 28

Flax-g-poly(MMA/AA)
reinforcement

6 8 11 13

Figure 13. Effect of % grafting of MMA/AN onto flax fibers

on moisture absorbance behaviour.
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Compressive Strength
As evident from Table VI that composites rein-

forced with Flax-g-poly(MMA/AA) showed better
compressive strength and can bear load upto 1000N
with compression of 1.74mm. Composites reinforced
with Flax-g-poly(MMA/EA) and Flax-g-poly(MMA/
AN) also showed better compressive strength and can
bear load upto 800N/mm2 with compression of 1.63
mm and 1.87mm, respectively in comparison to com-
posites reinforced with raw flax and phenol-formalde-
hyde matrix which gets failure at 400N and 200N
with compression of 1.18mm and 0.62mm, respec-
tively.23–27

Modulus of Rupture, Modulus of Elasticity and Stress
at the Limit of Proportionality
Table VII shows the results of the MOR, MOE and

SP for flax fiber and graft co-polymers reinforced
composites. MOR for phenol-formaldehyde and com-
posites reinforced with Flax fiber has been found to be
36 and 72N/mm2, respectively. Values of MOR were
found to be 72N/mm2, 72N/mm2 and 108.0N/mm2

for the composites reinforced with Flax-g-poly-
(MMA/EA), Flax-g-poly(MMA/AN) and Flax-g-
poly(MMA/AA), respectively. Maximum and mini-
mum values of MOE were found to be 5295.62N/
mm2 and 1336.32N/mm2 for the composites rein-
forced with Flax-g-poly(MMA/AA) and PF matrix,
respectively. The MOE of flax fiber reinforced com-
posites was found to be 3280.64N/mm2. Composites
reinforced with Flax-g-poly(MMA/AA) showed max-

imum value of SP (99.29N/mm2). The minimum
value of SP was found in case of PF matrix.
Results showed that reinforcement of Flax-g-co-

polymers increased the MOR. It was determined that
reinforcement of Flax-g-poly(MMA/AA) and other
graft copolymers increased the MOE and SP as com-
pared to flax fiber.

CONCLUSION

Grafting through microwave radiation technique is
an effective method for modifying the properties of
natural fibers in terms of time consumption. Graft co-
polymers of flax fibers showed better fiber strength
than raw flax. Flax-g-poly(MMA/AA) has been found
to show good thermal stability. Composites reinforced
with graft co-polymers showed better mechanical
properties in comparison to raw flax fibers reinforce-
ment.
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