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Abstract

The monomer, p-benzophenoneoxycarbonylphenyl methacrylate (BPOCPMA) the polymer of which exhibit mesomorphic
behavior as side chain LCP has been graft copolymerized onto high density polyethylene (HDPE) in order to improve its
properties. The PALS analysis of the products displayed that the graft copolymerization, while led to relatively small increase
in the free volume size at low percentages of poly(BPOCPMA), resulted in decreases in the size and fraction of the free
volume with the increase of poly(BPOCPMA) content. The graft copolymerization gave rise to remarkable improvements
in the mechanical properties, especially in tensile strength and modulus, and the improvements were accompanied by the
decreases in the free volume fraction. SEM analysis of the fracture surfaces of the mechanical test samples displayed a gradual
transition from ductile fracture at low graft contents to brittle nature dominated at high percentages of poly(BPOCPMA).
The XRD analysis showed significant expansions in the lateral dimensions (a and b parameters) of the orthorhombic unit
cell in the crystalline domains of HDPE matrix, in consistence with poly(BPOCPMA) content. The grafting also gave rise

to noteworthy increases in the crystalline melting temperature of the HDPE.
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Introduction

Polyethylene (PE) with the advantageous properties like
light weight, high chemical resistance, relatively low cost
and easy processability has widespread applications in many
areas, from plastic pipes to containers and packaging film.
In load performance applications, the concerns focus on the
time-, temperature-, and strain-rate-dependent mechanical
behaviors [1].

Liquid crystalline polymers (LCPs) are high strength and
high modulus materials owing to high state of orientation
and extension in their stiff molecular backbones. Because of
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their extraordinary mechanical characters, they have been
combined with thermoplastics (TPs) in order to obtain mate-
rials with superior mechanical properties [2—8].
Mechanical performance of semicrystalline polymers
under load is dependent on plastic deformation mecha-
nism [9] as well as on the chemical structure, configura-
tion, conformation and on microstructure [10-14]. The
plastic deformation is a complicated process and involves
changes in both amorphous and crystalline phases, however,
the involvement varies with the stress applied [15-17]. In
amorphous phase the macromolecules are relatively mobile
at temperatures above the glass transition, and the phase
has relatively low resistance to the deformation [18]. The
entangled molecules and tie molecules in the phase form
interlinks between the crystallities (lamellae). During
stretching of the polymer the molecules transfer stresses,
and therefore have a determining effect on the mechanical
behaviors like fracture toughness [19-22]. When tensional
load is applied to a polymer, initially the entropic elastic
response occurs. The chain entanglements act like crosslinks
[23], and the straining interlamellar macromolecules make
elastic deformation almost entirely reversible. During the
elastic deformation relatively minor deformation takes place
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in the lamellae that have stiffer nature. Due to the constraints
imposed by the lamellae, on the other hand, a limited elastic
deformation occur. With an increase of the load, the linearity
in the load-strain dependence disappears [24], and plastic
deformation of crystals accommodate the deformation of
the material which involves molecular rearrangement of the
chain-folded lamellar structure into chain unfolded fibrillar
morphology. The deformation has been commonly identi-
fied to involve chain slip, transverse slip, deformation twin-
ning, and a stress induced martensitic transformation [16,
17]. The slip mechanism, principally the dominant mode of
plastic deformation, has a distinct importance since it can
lead to much larger plastic strains comparing to the other
mechanisms [17].

Many semicrystalline polymers exhibit cavitation (void
formation) with size from nanometers to micrometers during
tensile drawing inside amorphous phase between lamellae
[25-32]. The onset of cavitation is usually observed around
yield point [27-30], and lamellae fragmentation and cavi-
tation are often detected simultaneously [31]. Its develop-
ment was explained by the negative pressure arising between
lamellae when they are separated by the applied stress [32].
The formation of cavities during crystallization of polymers
was explained by Galeski [33], however, with polymer melt
pockets locked by surrounding spherulites. Transformation
of the melts to more dense crystals in the pockets give rise
to the voids. Cavitation, on the other hand, plays an impor-
tant role in the deformation of the material under load. The
formation of the cavities results in a local release of stress
around the voids [31, 33], triggering of the unravelling of the
folded chains and thus breaking down the crystals [34], and
leads to decrease in yield stress and yield strain [30]. Xiong
et al. accept the formation of voids as one of the major ante-
cedent processes leading to the fragmentation and fibrillar
transformation of the crystalline lamellae beyond yielding
[35]. On the role of free volume characteristics of polymer
matrix in bulk physical properties of polymer nanocompos-
ites, Sharma and Pujari [36] reported an inverse relation
between the tensile properties of a polymer matrix and its
free volume fraction. They explained the inverse relation
by that the applied load is concentrated at the defect (free
volume hole) which hampers the load distribution among the
polymer molecules, leading to failure of the material. Hence,
a polymer matrix having less free volume fraction would
exhibit improved tensile properties. The inverse relation was
also announced by Ponnamma et al. [37] in the study on
free volume fraction and Young’s modulus in natural rubber-
MWCNTSs composites. Therefore, it is crucial to take into
account the voids to elucidate the mechanical behavior of
probably all polymeric materials.

Positron annihilation lifetime spectroscopy (PALS) is one
of the most important techniques to determine free volume,
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empty microscopic space that exists between molecules, and
microstructural characterization in polymers [38]. The posi-
tively charged positrons reside and decay by forming posi-
tronium (Ps), which is intermediate state between positron
and electron, in low electron density region [39]. According
to free volume theories, ortho-positronium (o-Ps) particles
exist in a free-volume region. The increment in the size of
the void gives rise to lower positron sensitivity, however,
higher Ps sensitivity in lower charge density region. Thus,
it is suitable probe for the determination of free volume in
polymers owing to Ps localization in the free volume holes
in amorphous region [40, 41].

In this work, the effect of graft copolymerization of
p-benzophenoneoxycarbonylphenyl methacrylate onto
HDPE on the free volume properties of the material was
studied in relation to the graft content, besides the effect
on orthorhombic unit cell parameters (lateral dimensions)
in crystalline domains of HDPE matrix. In addition, the
mechanical behaviors of the products were investigated in
relation to their free volume properties and the graft con-
tents. The effect of the grafting on thermal and morphologi-
cal properties of the material was also studied. For the prod-
ucts, it was presumed that the poly(BPOCPMA) chains in
glassy nematic arrangement [42], with a high degree of long-
range order, lead to increase in the orientation and alignment
of HDPE chains in processing when constituted as grafted
macromolecules. It was predicted that such developments in
the structure would improve the properties of the material,
especially its mechanical behaviors.

Experimental
Materials

The major chemicals used for the synthesis of the mono-
mer BPOCPMA, methacryloyl chloride (Alfa Aesar A.G.),
p-hydroxybenzoic acid (HBA), thionyl chloride (Merck
A.G.), 4-hydroxybenzophenone (HBP) (Alfa Aesar A.G.),
and dicumyl peroxide (DCP) (Merck A.G.) were used as
received from the companies. All the other chemicals and
solvents used in the preparation of the products were of ana-
lytical grade and used without any additional purification.

High density polyethylene (HDPE), a commercial product
of Turkish Petrochemical Industry (PETKIM) and coded as
S 0464, was used in the preparation of the products. The
HDPE granules were dissolved in boiling xylene (138-
139°C) and precipitated by adding ethanol. The precipitate
was filtered, dried in vacuum at 40°C and ground after cool-
ing in liquid nitrogen. The obtained HDPE powder was used
in the graft copolymerization experiments.
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BPOCPMA synthesis

The monomer, p-benzophenoneoxycarbonylphenyl meth-
acrylate (BPOCPMA) was prepared in three steps. Firstly,
p-methacryloyloxybenzoic acid (MBA) was produced
by condensation reaction of p-hydroxybenzoic acid with
methacryloyl chloride in alkaline medium as reported by
Sainath et. al [42]. Secondly, p-methacryloyloxybenzoyl
chloride (MBC), used in the synthesis of the monomer, was
prepared by refluxing the solution of p-methacryloyloxy-
benzoic acid (MBA) in thionyl chloride in the presence of
a trace amount of dimethyl formamide for 7-8 h. Lastly,
the monomer BPOCPMA was produced by stirring the
equimolar solution of p-methacryloyloxybenzoyl chloride
(MBC) and 4-hydroxybenzophenone in xylene containing
pyridine for 3—4 days. The product BPOCPMA was purified
by repeated recrystallizations from xylene, and character-
ized via DSC, '"H-NMR and FT-IR techniques. White solid;
57% yield; melting point 130.1 °C with respect to DSC; 'H-
NMR (400 MHz, DMSO-d4 25 °C, TMS): 6 (ppm)=2.04
(3H, CH,), 5.97-6.35 (2H, CH,), 7.45-7.78 (4H, ArH),
7.53-7.88 (4H, ArH), 8.25-7.73-7.61 (5H, ArH). IR (KBr)
(Vimax. cm™') 2990 (-CH,), 1747 and 1736 (C=0), 1597 and
1504 (C=C), 1259 and 1198 (C-0-C), 974 and 927 (C-H
out-of-plane).

Polymerization and graft copolymerization
of BPOCPMA

Homopolymerization of BPOCPMA was carried out by bulk
melt polymerization. The mixture of BPOCPMA and DCP
(3% with respect to weight of the monomer) was heated at
140 °C in vacuum for 1 h. The product poly(BPOCPMA)
was repeatedly washed with acetone and then with DMSO
to remove residual monomer and byproducts, and dried in
vacuum at 40 °C. The reaction yield was found to be 95%.
The graft copolymerization of BPOCPMA onto HDPE
was also performed via bulk polymerization method. The
reaction mixtures with varying compositions were pre-
pared by mixing HDPE powder, BPOCPMA (5, 10, 15,
20, 30, 40% of the mixture) and DCP initiator (2% with
respect to weight of BPOCPMA) in a mortar with exten-
sive hand grinding. The mixtures were then heated up to
140 °C in vacuum and kept at this temperature for an hour.
After being kept in DMSO for several hours, the products
were extensively washed with DMSO again and then with
acetone to remove residual monomer and byproducts, and
dried in vacuum at 40 °C. These products were so called
coproducts and comprised of both the poly(BPOCPMA)
homopolymer and the poly(BPOCPMA)-g-PE graft copol-
ymer macromolecules in the HDPE matrix. In order to
remove poly(BPOCPMA) homopolymer from the products,
some of the products agitated in hot DMF for several hours

were washed with hot DMF again and then with acetone
(the homopolymer was soluble in hot DMF) and thus to
obtain the products so called copolymers involving only
poly(BPOCPMA)-g-PE grafted macromolecules in the
HDPE matrix.

Characterization

Fourier transform infrared (FTIR) spectra of the mono-
mer, the intermediate products obtained in the monomer
synthesis and of the grafted products were obtained with
Shimadzu 8400 S FTIR spectrophotometer in the region
of 400-4000 cm™!. Bruker-Spectrospin Avance DPX 400
Ultra-shield "H-NMR spectrometer with a frequency of
400 MHz was used to determine 'H-NMR spectrum of
the monomer and of the intermediate products in dimethyl
sulfoxide-dy and tetramethylsilane (TMS) was used as an
internal reference. DSC analyses of the monomer and of
the products were carried out with a Shimadzu DSC 60
Differential Scanning Calorimeter. All DSC runs were col-
lected in the temperature range between 30 and 300°C at
a heating rate 10°C/min. Crystalline characteristics of the
products were studied by using a Rigaku Multiflex X-ray
diffractometer with a Cu-Ka target giving a monochromatic
beam (A=1.54 A for Cu) at a scanning rate of 5°/min over
the range of 20 =10°-60° and step increment of 0.02° in air
at room temperature. Tensile behavior of the HDPE and the
products were determined by a LLYOD LR5K Mechanical
Tester with samples with gauge length of 50 mm, thick-
ness of 2 mm, and width of 7.6 mm at room temperature.
Crosshead speed in testing was 50 mm/min. The impact
behavior of the samples prepared with dimensions of 1 mm
(thickness) X 7 mm (width) were determined by Coesfeld
Material Test Pendulum Impact Tester at room temperature.
The results reported were an average of the results for test
run on at least four samples. The test samples were pre-
pared by injection molding at 220 °C with a Daca Instru-
ments Microinjector with injection process at 8 bar. The
morphologies of the tensile and impact fractured surfaces
of the products were detected using JEOL 6390-LV scan-
ning electron microscope with an accelerating voltage of
20 kV, and a resolution power of 3 nm. Prior to the analysis,
all the fractured surfaces of the samples were coated with
a thin layer of gold in order to improve the conductivity.
Positron annihilation lifetime spectroscopy (PALS) was
used in order to investigate free volume properties of neat
HDPE and the products. PALS measurements were carried
out at room temperature in Marmara Positronium Laboratory
(MARPOS) in Physics Department at Marmara University.
For this purpose, fast—fast conventional coincidence system
has been employed measuring the elapsed time between the
B+ emission of 2*Na source, characterized by a 1.274 MeV
photon as a birth signal of positron, and the annihilation
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gamma emission of 0.511 MeV as a dead signal. The *Na
source was prepared by depositing and evaporating about
20 uCi of 2NaClI aqueous solution sandwiched between two
pieces of sample with 0.5x 0.5 cm? and 1 mm thickness. All
lifetime spectra were resolved with the RESOLUTION and
PATHFIT [43] programs to determine lifetimes and intensi-
ties with the system resolution, 528 ps (FWHM). 5 million
counts were collected in each lifetime spectrum. The life-
times of positrons for neat HDPE, copolymer and coproducts
were determined and all lifetime spectra were resolved into
three lifetime components, which are the shortest-lifetime
component, T, and its intensity I, attributed to the anni-
hilation of para-positronium (p-Ps), the intermediate com-
ponent, T, and its intensity /,, associated with the direct
annihilation of positrons and the longest-lived component,
75 and its intensity I; attributed to pick off annihilation of
ortho-positronium (0-Ps). These lifetime components were
calculated using T, fixed at 125 ps, assumed as independent
of free volume.

Results and discussions
Graft copolymerization

The graft copolymerization of BPOCPMA onto HDPE was
successfully carried out, and the variation in the extent of
grafting was investigated as a function of monomer concen-
tration in reaction mixture. The free radicals arising in the
reaction medium with heating brought about the formation
of free radicals on both HDPE and vinylic group (functional
group) of BPOCPMA. As a result of that, the graft copolym-
erization of BPOCPMA onto HDPE and homopolymeriza-
tion reaction of BPOCPMA took place in the medium. Thus,
content of poly(BPOCPMA) present as grafted chains in the
copolymers and as both grafted and homopolymer macro-
molecules in the coproducts was determined gravimetrically.
The results, the percentage of poly(BPOCPMA) in both
classes of the products and percent grafting, were given in
Table 1. Poly(BPOCPMA) content in the products increased
consistently with BPOCPMA concentration in the reaction
mixture. The maximum contents, 21.0% poly(BPOCPMA)
in the copolymers and 26.7% poly(BPOCPMA) in the
coproducts were obtained at 40% BPOCPMA. The percent
grafting, on the other hand, reached a maximum of 75.3%

at 15% BPOCPMA, which was followed by a dramatic
decrease reducing to 49.1% grafting at 40% BPOCPMA. At
lower monomer thus initiator (2% of weight of BPOCPMA)
concentrations, radicals presumably formed on HDPE chains
in majority due to the high probability of direct reactions
between HDPE chains and the initiator radicals. Thus,
the maximum grafting percentage was obtained at 15%
BPOCPMA. On the other hand, the increase in the content
of poly(BPOCPMA) as BPOCPMA concentration increased
possibly due to the propagation of poly(BPOCPMA) macro-
molecules grafted onto HDPE chains, resulting in the forma-
tion of a high percentage of poly(BPOCPMA). In addition,
it can also be stated that steric hindrance arising from the
presence of the crowded groups on the BPOCPMA mol-
ecule may have increased the probability of radical forma-
tion on HDPE chains. This supports the proposed mecha-
nism that the grafting took place via the radicals forming on
HDPE chains rather than the reactions between propagating
poly(BPOCPMA) radicals and HDPE chains.

On the other hand, the structural characterization of the
neat HDPE, poly(BPOCPMA), the copolymer containing
6.7% of poly(BPOCPMA) and the coproduct with 26.7%
of poly(BPOCPMA) was performed by means of FTIR
analysis. The recorded spectra showing the characteristic
absorption bands of the samples were depicted in Fig. 1.
As regarding the spectrum of neat HDPE, the absorption
bands of stretching vibrations of CH, group at 2920 and
2848 cm™', and the bands at 1558 and 1467 cm™' due to
the bending vibrations of the group. The band observed at
717 cm™! was assigned to C—C bending vibrations. FTIR
spectrum of the homopolymer poly(BPOCPMA) displayed
a strong band at 1741 cm™! due to C=O stretching vibra-
tions of the ester groups. The absorption band ascribed to
C =0 stretching vibrations of benzophenone group was
observed at 1658 cm™!. The absorption bands due to C=C
stretching vibrations of aromatic groups were recorded at
1599 and 1502 cm™!. The bands at 1261 and 1201 cm™"
were attributed to C—O-C stretching vibrations. Therein, it
was to be emphasized that the bands regarding vinylic C-H
out-of-plane bending vibrations observed apparently at 927
and 974 cm™! in the monomer spectrum were not detected
in the spectrum of poly(BPOCPMA). This result verified
that polymerization takes place over the vinylic group. As
for the copolymer with 6.7% of poly(BPOCPMA) and the
coproduct with 26.7% of poly(BPOCPMA), it was visible

Table 1 The variation of poly(BPOCPMA) content in the products with the monomer BPOCPMA percentage in the reaction mixture

% BPOCPMA in reaction mixture 5% 10% 15% 20% 30% 40%

% Poly(BPOCPMA) in the copolymers 3.8+0.3 6.7+0.7 10.7+1.1 11.8+04 18.6+2.8 21.0+0.6
% Poly(BPOCPMA) in the coproducts 3.8+0.4 7.3+0.8 12.7+0.5 19.2+0.9 25.1+1.2 26.7+1.3
% Grafting 69.4+3.2 69.5+6.8 75.3+0.5 64.5+0.6 513+34 49.1+9.6
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Fig. 1 FTIR spectrums of neat
HDPE, poly(BPOCPMA), ]
the copolymer with 6.7% of .
grafted poly(BPOCPA) and the ]
coproducts including 26.7% R
poly(BPOCPA) B
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that all of the individual IR bands belonging to both neat
HDPE and poly(BPOCPMA) macromolecules were detected
in the spectra, Fig. 1. This can be seen as an experimental
clue (especially in the copolymer sample) illustrating that
the graft copolymerization of BPOCPMA onto HDPE took
placed. Furthermore, it was deduced from the figure that
the increasing of poly(BPOCPMA) content in the coproduct
sample gave rise to that the characteristic absorption bands
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of poly(BPOCPMA) became more apparent in the spectrum
as expected.

DSC (thermal behaviors and crystallinity) and XRD
characterization

The effect of the graft copolymerization of BPOCPMA
onto HDPE on the thermal behavior of the products was
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investigated by DSC. Any endotherm attributable to the
crystalline melting of poly(BPOCPMA) component was not
detected in any of the thermograms of the products although
the homopolymer poly(BPOCPMA) was reported to melt
at 121 °C [42]. On the other hand, significant and compa-
rable increases were recorded in the melting temperature
of HDPE component in both copolymers and coproducts,
Fig. 2. The melting temperatures, however, were more con-
sistent with the poly(BPOCPMA) content in the copolymers,
while more scattering and irregular melting points were seen
in the coproducts, that is, when the products contained the
poly(BPOCPMA) homopolymer macromolecules. The max-
imum points, 134.1 °C and 134.5 °C were detected in both
classes with similar contents, at 11.8% poly(BPOCPMA)
in the copolymers and at 12.7% content in the coproducts,
respectively. The melting temperatures then tended to
decrease as the percentage of poly(BPOCPMA) increased
further, and reduced to the values even lower than that of
virgin HDPE. In order to reveal the effect of the graft copo-
lymerization on the thermal behavior of the material, a pure
HDPE sample and a mixture of HDPE and DCP (2% with
respect to weight of HDPE) were annealed at 140 °C for
1 h in vacuum, as in graft copolymerization experiments.
The melting temperature of both samples was observed to
remain almost unchanged at about 131 °C (the same as vir-
gin HDPE).

The percentage crystallinities (X,) of the products were
calculated by using the formula,

Fig.2 The DSC thermo-
grams, of HDPE processed
with 2% DCP (130.7 °C), of
the copolymers with 6.7%
poly(BPOCPMA) (133.0 °C),

DSC
mwW

0.00-

Table 2 The crystallinity of HDPE component in the products

Copolymers Coproducts
% poly(BPOCPMA) X (%) % X, (%)
poly(BPOCPMA)

3.8 46.4+2.3 3.8 66.1+2.3
6.7 49.0+4.2 73 49.4+3.2
10.7 438+19 127 49.5+4.6
11.8 45.6+02 192 59.6+3.5
18.6 448+2.1 251 57.0+2.3
21.0 55732 267 47.8+2.7
Pure HDPE 70.0+£3.8

AH,
XC(%) = A_ X 100 (1)

Hf

In the equation; AH; is the heat of fusion, and were obtained
from the melting endotherms of the products. AH; is the
heat of fusion of 100% crystalline HDPE (293 J/g) [44]. The
results were presented in Table 2. The analysis showed that
the graft copolymerization led to decreases in the crystallini-
ties the products. The minimum crystallinities were recorded
as 43.8% at 10.7% poly(BPOCPMA) in the copolymers and
as 47.8% at 26.7 poly(BPOCPMA) in the coproducts while
the crystallinity percentage of pure HDPE used in the exper-
iments was 70%. But, it is difficult to express a remarkable
trend in the crystallinity behaviors. It can be concluded that
the grafted poly(BPOCPMA) macromolecules hindered the

21% poly(BPOCPMA)
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coproducts with 12.7%
poly(BPOCPMA) (134.5 °C),
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arrangement and packing of HDPE chains in the crystalline
order, and thus led to the decreases in the crystallinities.

In order to clarify the effect of the graft copolymeriza-
tion on the crystalline characteristics of the HDPE, in con-
junction with the thermal behaviors, the products were also
analyzed by XRD. The crystal parameters were calculated
on the basis of a least square method using (hkl) planes
and d values. The orthorhombic unit cell size of crystalline
domains of the products was estimated from the XRD pat-
terns by using the formula;

d =0.9414/Bcosby 2)

where d is the crystal thickness, A denotes the wavelength
of the XRD source, B is the full width at half maximum
(FWHM) of the Bragg peak, and 0y is the Bragg angle. Here,
B is defined as;

B? = Bm® — Bs® 3)

where, B, shows the half width of the standard material and
B,, is the sign of the difference between the angles at FWHM
of the peak.

The XRD analysis showed that the orthorhombic struc-
ture in crystalline domains of HDPE matrix has been con-
served throughout the graft copolymerizations. This was
revealed by the patterns typical of orthorhombic polyeth-
ylenes, indicating the crystalline packing of HDPE chains
merely in orthorhombic unit cell, Fig. 3. The lateral dimen-
sions of the unit cell, however, were found to be remarkably
affected by poly(BPOCPMA) content. Significant increases
in the unit cell parameters were observed in both classes of
the products.

Fig.3 The XRD patterns of the
copolymers involving 6.7, 11.8
and 21.0% poly(BPOCPMA)
and of the coproducts
involving 3.8, 12.7, 25.1%
poly(BPOCPMA)

Intencity (cps)

The variations of the orthorhombic unit cell lateral
dimensions, namely the unit cell parameters and the ab
basal area, with poly(BPOCPMA) content in the products
were given in Fig. 4. In the copolymers the increases in the
parameter a were expressively stepwise, Fig. 4a. About
0.27% increase was seen with the graft content in the range
of 3.8-10.7% poly(BPOCPMA), while the expansions were
observed to be twice of the former increase, about 0.54% in
the range 11.8-21.0%. The parameter b, on the other hand,
without showing any change remained identical to the value
of virgin HDPE at low graft percentages, 3.8-10.7%, and
then displayed an 0.20% enlargement throughout the con-
tents of 11.8-21.0% poly(BPOCPMA), Fig. 4b. The expan-
sions in the unit cell dimensions were also evidently revealed
by the shifts of the reflections toward left in the patterns,
Fig. 3. The HDPE chains in the unit cells were probably
forced apart laterally by the polar grafted macromolecules,
thus giving rise to expansions in the lateral dimensions.
Seemingly, this effect was more prominent in the param-
eter a. Similar arguments were reported for the expanded
unit cells of oriented and branched polyethylene, in rela-
tion to the type, distribution and content of the branches
[45-47]. In these papers, the expansions were explained on
the basis of the included branches in the crystalline regions
compelling the chains to laterally enlarged unit cell dimen-
sions. Additionally, the possibility of branch rejection was
also reported for the structural changes [47]. Apparently, at
low percentages of about 3.8% poly(BPOCPMA), the graft
macromolecules were effective enough to lead to 0.27%
increase in the parameter a by a force exerted laterally on
the HDPE chains. However, further increases in the graft
chains up to 10.7% did not give rise to additional expansion,

20 (Degree)
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Fig.4 The variations of the unit cell parameters a a), b b) and ¢ ¢), and the unit cell basal area ab d) with poly(BPOCPMA) content, calculated
from the X-ray diffraction patterns (using the reflections (110), (200) and (211))

and the parameter a remained almost unchanged. Additional
increases in poly(BPOCPMA) content from 10.7% up to
21.0% have resulted in another 0.27% enlargement, hence
in 0.54% expansion overall. The spatial arrangement and
orientation of the graft macromolecules in the products and
their relative effects in coercing the HDPE chains apart lat-
erally are believed to resulted in the dissimilar enlargement
behaviors in the parameters, and the stepwise behavior was
observed in the former parameter. On the other hand, the
¢ parameter, i.e., the unit cell axis parallel with the chain
axis of HDPE [48] was found to be increased about 0.39%
identically in all products, Fig. 4c. The lateral expansions
in a and b dimensions and the corresponding widenings in
the ab basal area, Fig. 4d, have presumably resulted in the
identical enlargements in the ¢ axis.

Larger expansions in the a and b unit cell dimensions and
the related wider ab basal areas were observed in the coprod-
ucts which contain poly(BPOCPMA) homopolymer macro-
molecules as well as the grafted poly(BPOCPMA) chains.

@ Springer

The variation of the parameters and the basal area with con-
tent of poly(BPOCPMA) were also depicted in Fig. 4. The
parameter a increased initially with poly(BPOCPMA) con-
tent and reached a plateau value almost 0.68% greater than
that of virgin HDPE, at which it remained almost constant
along with the percentages 7.3—19.2%. The parameter then
increased further to a size 0.81% greater in the 25.1-26.7%
poly(BPOCPMA) region, Fig. 4a. A similar trend was also
observed in the b parameter which stayed almost constant at
the level with 0.41% extension throughout the percentages of
7.3-19.2%. This plateau was then followed by further expan-
sion as the content of poly(BPOCPMA) increased more,
and about 0.81% expanded b parameter was observed at
25.1% poly(BPOCPMA), Fig. 4b. These results, the greater
enlargements in lateral dimensions of the unit cell with the
inclusion of the poly(BPOCPMA) homopolymer chains
in the coproducts could be explained by the strong inter-
actions between the polar groups of grafted and ungrafted
poly(BPOCPMA) homopolymer macromolecules. The
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adhesive forces between the polar groups of the grafted and
the homopolymer chains have presumably brought about an
additional effect in the enlargements of the lateral dimen-
sions. On the other hand, similar to the copolymers, the same
expansion, 0.39%, was recorded in the parameter c in all the
coproducts, Fig. 4c. The additional increases in the lateral
dimensions had no additional effect on the enlargements in
the c axis of the unit cells, parallel with the axis of HDPE
chains.

The consistent rises in the melting temperature of HDPE
as the percentage of poly(BPOCPMA) increased up to about
12% in both classes of the products (Fig. 2) are probably
due to the developments in the ordering and orientation of
HDPE chains resulting from the grafted side chain LCP
poly(BPOCPMA) chains. The poly(BPOCPMA) chains
with mesogenic side groups were reported to exhibit glassy
nematic arrangement [42]. The grafted poly(BPOCPMA)
chains which have the ability/potential of forming reported
regularly organized structure probably enhanced the ordering
and orientation of HDPE chains during crystallization. Fur-
thermore, the glassy nematic structured poly(BPOCPMA)
chains might have acted also as nucleating agents, and thus
led to more ordered arrangement and packing of the chains
in the crystalline regions. Because, a better array and a pro-
moted arrangement can be potentially expected in the crystal
when it originates from a center with more ordered structure.
Moreover, a greater conformational freedom arising from
the enlargements in the ab basal area of the unit cells might
have additionally contributed to the promoted ordering and
arrangement of the HDPE chains. These probable develop-
ments in the microstructure of the material thus may have led
to the increased melting temperatures from 131 °C to 134 °C
achieved with approximately 12% poly(BPOCPMA) in both
classes of the products. On the other hand, the tendency
to decrease in the melting point as the poly(BPOCPMA)
content increased further was probably due to the relative
loss in the promoted arrangement of the chains. That is, the
graft chains at percentages higher than 12-13% might have
started to lose their assisting function in the ordered and
oriented packing of the HDPE chains, probably owing to
large space occupations by the poly(BPOCPMA) macro-
molecules between the chains and to relatively strong inter-
actions between the polar groups of the graft chains. This
effect probably became more operative and pronounced with
increasing content, and the decrease trends were observed in
the melting temperatures after the maximum values.

As for change in the crystal size (grain size) of the
products with the percantage of poly(BPOCPMA), it was
visible from Fig. 5 that the species showed the similar
trends with ab basal area. Namely, crystal size increased
initially with the content in both classes of the products.
The initial increases were then followed by plateau val-
ues. 41-43% and 30% of expansion were recorded in the
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Fig.5 The variations in the crystal size (grain size) of the products
with poly(BPOCPMA) content

coproducts containing 7.3-19.2% poly(BPOCPMA) and in
the copolymers with about 11.8-18.6% poly(BPOCPMA,
respectively. The sizes continued to rise as the percentage
of poly(BPOCPMA) increased further. In the coproducts
a maximum size, 28.67 nm (74.8% growth) was recorded
at 25.1% of poly(BPOCPMA). The size then exhibited
a decline as the content increased more. The similarity
observed between the poly(BPOCPMA) content dependence
of the ab basal area and the particle size revealed that as the
basal area of the unit cells got enlarged, the size of the crys-
tals increased. This behavior could be explained by growth
of the crystal to larger size over the large unit cell basal area.
That is, the enlargements in the lateral dimensions of the unit
cells have seemingly resulted in the extended growth of the
crystals to the larger sizes. Moreover, the glassy nematic
structured poly(BPOCPMA) chains acting as nucleating
agents might have additionally contributed to the promoted
growth of the crystals during crystallizations. Because, the
crystals can potentially be expected to propagate to larger
sizes when they originate from more ordered structures.

PALS analysis of the products

The HDPE used in the experiments and the products were
also analyzed by Positron Annihilation Lifetime Spectros-
copy in order to investigate their free volume properties. The
lifetimes of the positrons for the samples were measured,
and the lifetime spectra were deconvoluted into three life-
time components. The shortest-lived component, T; with
an intensity I;, the intermediate-lived component, T, with
an intensity I, and the longest-lived component t; with an
intensity 15, were obtained from the spectra. These param-
eters were calculated using T, fixed at 125 ps, assumed as
independent of free volume.

@ Springer
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In the free volume model, the longest-live component T,
is correlated to the free volume hole radius, R whilst I5 is
correlated to the number of holes. That is, an increase in 74
value shows an enlargement in the volume of hole, while
a rise in I; displays an increase in the number of the holes
[49].

The radius R (of free volume) was calculated by the
semi-empirical approximation given by Eldrup et al. [50]
and using o-Ps lifetime () with the assumption of the holes
being spherical;

R 1

r(ns)—l 1——+—sin2nR B 4
T R, 2z @)

Ry

where Ry=R +6R with SR =0.1656 nm, the thickness of the

homogeneous electron layer that constitutes the wall of the

hole [51]. The free volume hole size (V)) was calculated by
4

Vf = 571'R3 (5)

and the free volume fraction (f) proposed by Kobayashi et al.

[52] was stated as

f, = ALV(zy) (6)

where A is a proportionality coefficient; that is taken as
0.0018.

The results of the measurements of the ortho-positronium
lifetime and the intensity of the longest-lived component of
the positrons, the calculated radii of the free volume hole,
the free volume hole sizes and the free volume fractions of
the products with poly(BPOCPMA) content were given in
Table 3.

The ortho-positronium lifetime (73), the longest-lived
component and associated with pick off annihilation, is
proportional to the free volume size in the materials. The

variations in the lifetime and the calculated free volume
size with the poly(BPOCPMA) content in the products were
presented in Fig. 6a and b, respectively. In general, longer
lifetime 7; values were observed in the coproducts compared
to the copolymers at the corresponding poly(BPOCPMA)
compositions, Fig. 6a, showing relatively larger free vol-
umes in the coproducts, Fig. 6b. That is, the presence of
poly(BPOCPMA) homopolymer chains led to larger free
holes in the amorphous region of the coproducts through-
out the poly(BPOCPMA) compositions. Seemingly, the
ungrafted poly(BPOCPMA) macromolecules played a
preventing role from compact packing of the chains in the
matrix of the coproducts. Internally, the lifetime 73 ini-
tially increased at low poly(BPOCPMA) percentages in the
coproducts, Fig. 6a. 2.33+0.01 ns (2.2% raise) was meas-
ured at 3.8% and 7.3% poly(BPOCPMA). This increase
in the 7, value signifies an about 3.8% enlargement in the
free volume with 129.0+0.8 A? value at the correspond-
ing contents, Fig. 6b. The neat HDPE has the hole size of
124.1+0.7 A’ at the prevailing conditions. The lifetime 7,
then reduced to a plateau value of 2.28 +0.01 ns, the same
as the value observed in unprocessed HDPE, within 12.7%-
25.1% poly(BPOCPMA). Thus the coproduct samples with
those poly(BPOCPMA) contents have the free volume hole
size identical to that of the pure HDPE. A further increase
in the content gave rise to further decrease in the lifetime.
2.23 +£0.01 ns was recorded at 26.7% poly(BPOCPMA),
which demonstrates a moreover reduction in the free volume
with size 118.8+0.9 A3, almost 4.3% smaller with respect
to the pure HDPE.

In the copolymers, a slight increase (0.6%) in the;
value with 2.296 +0.010 ns was recorded at 3.8%
poly(BPOCPMA). This initial increase in the lifetime,
representing an expansion of about 1% in the free volume
size, was followed by a gradual decreasing trend as the
poly(BPOCPMA) percentage increased further, Fig. 6a and

Table 3 The variations in the ortho-positronium lifetime and the intensities of the positrons, the free volume hole radius and size and the free
volume fraction with poly(BPOCPMA) content in a) the copolymers and b) the coproducts

% poly(BPOCPMA) Neat HDPE 3.8 6.7 10.7 11.8 18.6 21

73(ns) 2.282+0.009  2.296+0.010 2.272+0.010  2.263+0.010  2.239+0.010  2.222+0.010  2.222+0.010
1;(%) 23.24+0.08 20.79+0.08 20.01+0.08 19.10+0.08 17.68 +£0.08 16.96+0.07 15.68+0.07
R(A) 3.094+0.006  3.105+0.006  3.085+0.006  3.078+£0.006  3.058+0.007  3.043+0.007  3.043+0.007
v¢(®3) 124.1+0.7 125.4+0.7 123.0+0.7 122.2+0.8 119.8+0.8 118.1+0.8 118.1+0.8
f(%) 5.19+0.04 4.69+0.05 4.43+0.04 4.20+0.04 3.81+0.04 3.61+0.04 3.33+0.04
% poly(BPOCPMA) Neat HDPE 3.8 7.3 12.7 19.2 25.1 26.7

73(ns) 2.28+0.01 2.33+0.01 2.33+0.01 2.28+0.010 2.28+0.010 2.27+0.010 2.23+0.011
1;(%) 23.24+0.08 20.27+0.08 19.70+0.08 18.79+0.08 18.48 +0.07 17.68+0.07 15.11+0.07
R(A) 3.094+0.006  3.134+0.006  3.133+0.006  3.090+0.007  3.091+0.007  3.086+0.007  3.049+0.007
v¢(®3) 124.1+0.7 129.0+0.8 128.8+0.8 123.6+0.8 123.7+0.8 123.0+0.8 118.8+0.9
f(%) 5.19+0.04 4.71+0.05 4.57+0.05 4.18+0.04 4.12+0.04 3.92+0.04 3.23+0.04
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Fig.6 The variations in a) the ortho-positronium lifetime (z;), b) the free volume size (A*) with poly(BPOCPMA) content in the products

b. The lifetime 2.222 +0.010 ns corresponding to 118.1+0.8
A? free volume which is approximately 4.8% smaller com-
pared to the unprocessed HDPE was measured within
18.6%—21.0% poly(BPOCPMA). The initial increase in
the free volume size was probably due to larger openings
between the chains brought about by the voluminous side
groups of the grafted poly(BPOCPMA) that compel the
chains laterally and thus prevent close packing. The weak
interactions between polar side groups of the grafted mac-
romolecules and the nonpolar HDPE chains might have
contributed to the lack of compact packing of the chains.
When the poly(BPOCPMA) content exceeds 3.8%, on the
other hand, the improved interactions between the chains
due to the increased polar group composition probably led
to more compact packing of the chains, which resulted in the
reduced free volume size in the material. Additionally, the
bulky side groups of the grafted poly(BPOCPMA) that give
rise to larger openings at low percentages might have largely
filled the voids with increased content owing to relatively
stronger interactions between the polar groups of the chains.

In the free volume model, the intensity I is proportional
to the number of free holes. The /; value increases with
increasing number of the holes [49]. The variations in the I,
intensity with poly(BPOCPMA) percentage in the products
were plotted in Fig. 7. The intensity decreased as the per-
centage of poly(BPOCPMA) increased in both the copoly-
mers and the coproducts, more consistently with the content
in the former. At low percentages of poly(BPOCPMA) up to
about 10%, the downward trend was approximately similar
in both classes of the products. At higher contents, however,
the intensity was relatively higher in the coproducts compar-
ing to the copolymers, which indicates the higher number of
the free holes. Seemingly, the ungrafted poly(BPOCPMA)
macromolecules in the coproducts gave rise to more free

volume in the matrix as well as to the larger free volumes,
probably by playing a preventing role from compact packing
of the chains.

The free volume fractions (f) of the products were cal-
culated using the Eq. 6, proposed by Kobayashi et al.
[52], in which the free volume size and the intensity were
evaluated together. The variations in the fraction with
poly(BPOCPMA) percentage in the products were illustrated
in Fig. 8. The similar decreasing trends observed in the
intensities were also recorded in the fractions. The grafting,
while caused small increases in the size of the free volume
at relatively lower percentages of poly(BPOCPMA), Fig. 6b,
brought about dramatic decreases in its fraction as the con-
tent increased, particularly in the copolymers. The improved
interactions between the chains due to the increased polar
group composition as the content of poly(BPOCPMA)
increased probably gave rise to more compact packing of
the chains in the matrix, which led to the decreases in the
free volume fraction. The presence of the poly(BPOCPMA)
homopolymer macromolecules in the coproducts, however,
resulted in smaller decreases in the fraction, presumably

22; = copolymers
| . ® coproducts

20 ° ",
=, 184 n ¢ °
= n

164 (]

°
1 4 T T T T T T
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Fig.7 The variations in the intensity /; with poly(BPOCPMA) con-
tent in the products
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by playing a preventing role in the compact packing of the
grafted HDPE chains.

Mechanical properties

The function of the graft copolymerization of BPOCPMA
on the mechanical behavior of the material has been stud-
ied by analyzing the stress—strain and impact behavior of
the products. Remarkable improvements were achieved in
the mechanical properties of the products, particularly, in
ultimate tensile strength and modulus. However, the per-
cent elongation decreased as the poly(BPOCPMA) content
increased, and yield stress disappeared at high contents and
brittleness prevailed in the mechanical behaviors.

Typical stress—strain curves of neat HDPE and the prod-
ucts were illustrated in Fig. 9. The extensive cold drawing
observed in neat HDPE was not recorded in any prod-
uct, even at low contents of poly(BPOCPMA). As seen
in the stress—strain behaviors, Fig. 9, percent elongation
decreased as the poly(BPOCPMA) content increased. At
low percentages of poly(BPOCPMA), both copolymers
and coproducts failed during strain softening and exhibited
ductile failure with neck formation. But, longer elonga-
tions in the softening, prior to failure, were observed in the
coproducts which contain the ungrafted poly(BPOCPMA)
macromolecules. The percent elongations were recorded
between approximately 15% and 46% in the coproducts
while they were observed between about 15% and 34%
in the copolymers. That is, the presence of ungrafted,
poly(BPOCPMA) macromolecules in the products appar-
ently gave rise to greater flow of HDPE molecules in neck-
ing and thus relatively longer elongations in the drawing
direction. This statement was evidently supported by SEM
analysis in which relatively wider and longer extensions
were observed in fractographs of the coproduct samples at
the corresponding poly(BPOCPMA) contents, and some
small and fine extensions were recorded even at high con-
tents of poly(BPOCPMA) (Sect. 3.5). At relatively high
percentages of poly(BPOCPMA), on the other hand, brit-
tle nature started to prevail in the behaviors. The samples
involving about 18% poly(BPOCPMA) in the copolymers
and 25% poly(BPOCPMA) in the coproducts failed at
the beginning of plastic deformation, just before or at the
yield point. At higher respective contents, the products
then exhibited brittle fracture in the tests. Conclusively,
the products revealed a gradual transition from viscoe-
lastic behavior to brittleness in nature with increasing
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poly(BPOCPMA) content. The SEM analysis of the sam-
ples also evidently revealed this transition (Sect. 3.5).
The results of the tensile tests of the products, the vari-
ations of the tensile strength and Young’s modulus with
poly(BPOCPMA) content were drawn in Fig. 10a and b,
respectively. The tensile strength initially increased with
the percentage of poly(BPOCPMA) in both the copoly-
mers and the coproducts, yet in the former the strengths
were relatively higher. The maximum strength, 36.3 MPa
(93% improvement compared to neat HDPE) was achieved
at 11.8% poly(BPOCPMA) in the copolymers. In the
coproducts, the maximum of 31.8 MPa (69% improvement)
was recorded at 19.2% poly(BPOCPMA). The maxima
were then followed by a slow decrease in the former and
a relatively drastic decrease in the latter. Almost identi-
cal trends were also recorded in Young’s modulus, deter-
mined on the same samples during the tensile tests. The
maxima of 514 MPa (42% rise) and 479 MPa (32% rise)
in the modulus were recorded at the same corresponding
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Fig. 10 The variations in a) the ultimate strength and b) the Young’s
modulus of the copolymers and the coproducts with poly(BPOCPMA)
content

percentages of poly(BPOCPMA) at which the strength
maxima were observed, Fig. 10b. These improvements in
the tensile behaviors are comparable with those obtained
by several main chain LCP reinforcements at similar LCP
contents [3, 6]. In fact, the maxima in the tensile proper-
ties of both copolymers and coproducts were achieved with
approximately the same grafted poly(BPOCPMA) contents.
Because, the coproduct containing 19.2% poly(BPOCPMA),
at which the maximum strength and modulus were recorded,
involves about 12% poly(BPOCPMA) present as grafted
chains and about 7% poly(BPOCPMA) present as ungrafted
homopolymer macromolecules. The green dotted lines in
Fig. 10a and b show the variations drawn with this regard,
that is, they were drawn by considering the percentages of
grafted poly(BPOCPMA) only, by excluding the ungrafted
poly(BPOCPMA) present as homopolymer macromolecules
in the coproducts.

The PALS analysis of the products indicated that the
mechanical behaviors of the products were significantly gov-
erned by their free volume properties. The percent elonga-
tion decreased consistently with the decrease of free volume
fraction as the percentage of poly(BPOCPMA) increased
in the products. The initial improvements in the tensile
strength and the modulus with the increase in the content of
poly(BPOCPMA) were firmly accompanied by the decreases
in the free volume fraction. Especially, it is very striking that
the sharp increase in the tensile strength (from 29.4 MPa to
36.30 MPa) and the modulus (from 471 to 514 MPa), when
the percentage of poly(BPOCPMA) increased from 10.7% to
11.8% in the copolymers, were accompanied with the sharp
decrease in the free volume fraction (from 4.20% to 3.81%).

The chain slip mechanism was reported to be the domi-
nant mode of plastic deformation in the crystalline part
of semicrystalline polymers, and it has a major role in the
plastic strains [16, 17]. The cavities forming in the material
under load were stated to give rise to a local release of stress
around the voids [31, 33], triggering of the unravelling of
the folded chains and thus breaking down the crystals [34].
Consistently, the formation of voids leads to the fragmenta-
tion and fibrillar transformation of the crystalline lamellae
beyond yielding [35]. The decrease in the percent elongation
and the initial improvements in the tensile properties of the
products as the content of poly(BPOCPMA) increased are
most likely due to the decrease in the free volume fraction of
the material. It seems that the increased stress in the material
arising from the decrease in the free volume fraction resulted
in a lower chain slip and flow ability in the draw direction
and a lower conformational freedom, which have brought
about a shorter flow of the chains in the softenings and thus
the shorter elongations. In addition, the lower slip and flow
ability of the chains and the lower conformational freedom
have presumably given rise to the higher tensile strengths
and the modulie, that is, to the superior withstanding
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behaviors under the load. Furthermore, a better distribution
of the tensile load between the chains, which conduce by the
more compact packing of the macromolecules together with
the decrease in the free volume fraction, might have addi-
tionally contributed to the superior tensile behaviors. The
longer elongations and the lower tensile strength and modu-
lus characteristics, recorded in the tests, of the coproducts
which have relatively larger free volumes and the greater
fractions comparing to the copolymers, evidently support the
proposed relations between the mechanical behaviors and the
free volume properties of the products. On the other hand,
the rigid character of poly(BPOCPMA) macromolecules at
room temperature (with T, value of 72 °C [42]), stemming
from its voluminous and rigid side groups with polar nature,
might have contributed to the restricted mobility and flow of
the chains. In the tests, the effect of this contribution on the
plastic deformation of the products was probably even more
pronounced with the increase of poly(BPOCPMA) content.

Developments in the alignment and orientation of HDPE
chains due to the constitution of grafted side chain LCP
poly(BPOCPMA) macromolecules might have also played
role in the improvements of the tensile behaviors. That
is, the potential of forming glassy nematic arrangement
of poly(BPOCPMA) chains [42] may have conduced to a
promoted ordering and orientation of HDPE chains in the
products. These developments might have contributed to the
advanced tensile behaviors as well to the increased melting
temperatures of crystalline domains in the HDPE matrix.
In addition, it is noteworthy the microstructural changes,
namely, the expansions in the unit cell dimensions of the
orthorhombic structure for the resulting improvements. The
initial increase trends in the tensile behaviors and the melt-
ing temperature were accompanied by the increases in the a
and b unit cell parameters. Conveniently, the higher confor-
mational freedom of the chains owing to the larger ab basal
area might have cooperated with cohesive forces of the polar
grafted macromolecules and played a role in conducing to
improved arrangement of the HDPE chains. These develop-
ments thus might have made a contribution to the achieve-
ment of the resulting improvements in the tensile behaviors.

The presence of the poly(BPOCPMA) homopolymer
macromolecules in the coproducts, on the other hand, led to
relatively lower improvements in the tensile behaviors, and
caused the coproducts to exhibit relatively sharp decreases
after the maxima in the tensile strength and the modulus,
Fig. 10a and b. The PALS analysis showed that the coprod-
ucts had larger free volumes and generally larger free vol-
ume fractions compared to the copolymers. Apparently, the
poly(BPOCPMA) homopolymer macromolecules played
a role in preventing the chains in the matrix from pack-
ing in a compact way. Relatively lower stress and higher
conformational freedom, owing to the larger free volume
and the larger free volume fraction, presumably resulted

@ Springer

in higher slip and flow ability of the chains. The higher
slip and flow ability of chains in the coproducts likely led
to the longer elongations in the tensile tests and the rela-
tively lower improvements in the tensile strengths and the
moduli, that is, to relatively lower withstanding character-
istics under tensile load. Further, relatively lower tensile
load distribution between the chains due to the relatively
loose packing, together with the larger free volume and the
larger free volume fraction, may have also contributed to the
lower improvements in the tensile properties of the coprod-
ucts. Moreover, the greater expansions of a and b unit cell
dimensions and the corresponding enlargements in the ab
basal area were observed in the coproducts relative to the
copolymers, as discussed in the XRD characterizations.
The higher conformational freedom in the larger ab basal
area might have played a role in relatively easier unravel-
ling of folded chains and fragmentation of the crystals and
hence in the longer elongations. In addition, the relatively
easier unravelling of the folded chains might have resulted
in the relatively lower withstanding behaviors under tensile
load, that is, in the relatively lower tensile characteristics.
Furthermore, low tensile load capacity of homopolymer
poly(BPOCPMA) chains might have contributed to the rela-
tively lower improvements in the tensile behaviors. Because,
it is unlikely that a polymer consisting of chains with so
bulky and rigid side groups will exhibit significant strength
under the load relative to HDPE. Hence, the presence of
poly(BPOCPMA) homopolymer chains may have made the
coproducts less prone to resist in the tensile tests, which was
more pronounced at high contents.

The impact behavior of the products was investi-
gated by Izod impact test. In spite of the brittleness
observed in the tensile tests, particularly at high contents
of poly(BPOCPMA), almost all the samples were not
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Fig. 11 The variations of the absorbed energy with poly(BPOCPMA)
content in the products in the impact tests
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Fig. 12 SEM micrographs of
the tensile fractured surfaces
of a) the coproduct with 3.8%,
b) the copolymer with 6.7%,
¢) the copolymer with 10.7%,
d) the coproduct with 12.7%,
e) the coproduct with 25.1%,
f) the copolymer with 18.6%,
g) the copolymer with 21.0%,
h) the coproduct with 26.7%
poly(BPOCPMA) and i) the
impact fractured surface of
the coproduct with 26.7%
poly(BPOCPMA)
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broken in the impact tests, except for the coproduct involv-
ing 26.7% poly(BPOCPMA) which exhibited an impact
strength of 12.06 kJ/m2. On the other hand, it was observed
that the energy absorbed by nonbroken samples gradually
increased as the poly(BPOCPMA) content in the copoly-
mers increased, Fig. 11. The energy reached the maximum
22 kJm~2 (76% increase compared to HDPE) at 18.6%
poly(BPOCPMA) and then decreased sharply with a fur-
ther increase in the content. A very slight increase trend in
the energy absorbed was also observed in the coproducts.
It seems that the energy (absorbed by nonbroken samples)
in the impact tests increased as the products became more
compact. As revealed by the PALS analysis, the free vol-
ume fraction decreased and thus the products became more
compact as the content of poly(BPOCPMA) increased. The
increase of compactness in the structure resulted in the
absorption of more energy loaded in the impact tests. The
greater absorbed energy and the smaller free volume prop-
erties of the copolymers, comparing to the coproducts, evi-
dently support the proposed relation between the absorbed
energy and the free volume characteristics of the products.
On the other hand, the possible improvements in the align-
ment and orientation of HDPE chains due to the constitution
of the side chain LCP poly(BPOCPMA) macromolecules
might also have contributed to the advances in the absorp-
tion of the energies recorded in the tests. This argument was
supported by the extensive fibrillar structure with ductile
extensions at low percentages of poly(BPOCPMA) and the
existence of small and thin fibrils even at high contents of
poly(BPOCPMA), as revealed in the impact fractographs,
Fig. 12. Nevertheless, poly(BPOCPMA) can be expected
to exhibit a lower resistance to break due to the chains with
the voluminous and rigid side groups and hence with a rela-
tively high Tg value (72 °C [42]), and thus can be predicted
to impart brittleness to the products.

SEM analysis of the products

Size, size distribution of reinforcement phase and the adhe-
sion quality of interface between matrix and the reinforce-
ment phase are important factors for the mechanical per-
formance of polymer blends and composites. Therefore,
the tensile and impact fractured surfaces of the products
were investigated by SEM analysis. The SEM micrographs,
Fig. 12, revealed that the products exhibited no phase sepa-
ration, and their structures were completely homogeneous
although the graft poly(BPOCPMA) chains with polar side
groups are essentially different in nature from apolar HDPE.
This morphological behavior of the products confirmed
the chemical bonding of the poly(BPOCPMA) macromol-
ecules, that is, the graft copolymerization of BPOCPMA
onto HDPE. Moreover, the homogeneous structure of the
products demonstrated that the HDPE-g-poly(BPOCPMA)
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macromolecules acted as compatibilizer providing good
interfacial adhesion between the poly(BPOCPMA)
homopolymer macromolecules and the HDPE matrix in the
coproducts.

The analysis of the products displayed a gradual transi-
tion from ductile fracture at lower poly(BPOCPMA) con-
tents to brittle nature dominated at high percentages. The
bulky and long extensions like fibrillar structure observed
at lower percentages gradually got smaller and shortened
as the content increased. (Fig. 12a-e). On the other hand,
it can be stated as a general deduction that the copolymers
exhibited better fibrillations and orientations at similar con-
tents of poly(BPOCPMA), comparing to the coproducts,
as revealed by the oriented structures (Fig. 12b and c¢) and
thin extensions from the surfaces, widely observed in the
copolymer samples (Fig. 11f and g). Accordingly, the better
alignment and orientation in the fibrillar structure addition-
ally account for the better improvements in the mechani-
cal behavior of the copolymers. At high percentages of
poly(BPOCPMA) the gradually shortened extensions were
eventually replaced by a morphology revealing brittle frac-
ture in majority, verified by the cracks and openings on the
surfaces. But, the transition took place at earlier percent-
ages in the copolymers, confirmed by the existence of small
extensions even at high contents in the coproducts (Fig. 12e
and h). This is also consistent with the more compact struc-
ture of the copolymers. That is, the lower conformational
freedom of the chains in the more compact structure with
the lower free volume fraction probably caused the copoly-
mers to exhibit brittle fracture at relatively earlier percent-
ages of poly(BPOCPMA). On the other hand, there still
existed some fibrillar extensions even at high contents of
poly(BPOCPMA). These extensions were observed in the
fractographs as thin fibrils protruding from the surfaces
broken in brittle nature in the copolymer samples, and as
small extensions in some coproduct samples (Fig. 12f-h).
The thin fibrils were also seen in the impact fractograph of
the coproduct sample involving 26.7% poly(BPOCPMA),
besides the cracks and openings showing the brittle fracture
(Fig. 12i). But, the materials did not show any phase separa-
tion at all.

Conclusion

e The graft copolymerization resulted in significant
increases in the unit cell dimensions, a and b parame-
ters, of the orthorhombic structure of HDPE, in consist-
ence with the content of poly(BPOCPMA). The grafted
poly(BPOCPMA) macromolecules with rigid, large
and polar side groups probably forced the HDPE chains
apart laterally and thus expanded the unit cell dimen-
sions. A constant expansion in the parameter ¢, however,
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was recorded in all products. Furthermore, a similar
increase trend was also observed in the crystal size in
crystalline domains of HDPE matrix with the content of
poly(BPOCPMA).

e Atrelatively lower percentages, the poly(BPOCPMA)
macromolecules with the voluminous side groups prob-
ably compelled the HDPE chains laterally, prevented
close packing and thus resulted in the increases in the
free volume size. As the content of poly(BPOCPMA)
increased, the improving interactions between the chains
due to the increased polar group composition most likely
brought about more compact packing of the chains, and
thus led to the smaller free volumes in the products and
to the decreases in the free volume fraction. The presence
of the poly(BPOCPMA) homopolymer macromolecules,
however, resulted in smaller decrease in the free volume
fraction, presumably by playing a role in preventing pack-
ing of the grafted HDPE chains in a compact way in the
coproducts.

e The graft copolymerization resulted in the remarkable
improvements in the mechanical properties of the prod-
ucts, especially, in the ultimate tensile strength and the
modulus. Brittleness dominated in the mechanical behav-
iors at high contents of poly(BPOCPMA).

e The mechanical behaviors of the products were signifi-
cantly governed by their free volume properties. The loss
in the percent elongation and the initial improvements
in the tensile properties of the products as the content
of poly(BPOCPMA) increased are probably due to the
decrease in the free volume fraction of the products. The
probable increase in the stress in the products arising
from the decrease in the free volume fraction, resulting
in a lower chain slip and flow ability in the draw direction
and a lower conformational freedom, have presumably
brought about shorter flow of the chains in the softenings
and thus in the shorter elongations, and given rise to the
higher tensile strengths and the modulie. A better distri-
bution of the tensile load between the chains, conduced
by the more compact packing of the macromolecules
together with the decrease in the free volume fraction,
might have additionally contributed to the superior tensile
behaviors.

e The presence of the poly(BPOCPMA) homopolymer
chains in the coproducts led to relatively lower improve-
ments in the tensile behaviors. Probably, relatively lower
stress and higher conformational freedom, owing to the
larger free volume and the larger free volume fraction,
resulted in higher slip and flow ability of the chains and
thus led to the longer elongations in the tensile tests and
the relatively lower improvements in the tensile strengths
and the moduli. Relatively lower tensile load distribution
between the chains due to the relatively loose packing,
together with the larger free volume and the larger free

volume fraction, may have also contributed to the rela-
tively lower improvements in the tensile properties of the
coproducts.

e The structures of all the products were homogene-
ous. The products exhibited a gradual transition from
viscoelastic behavior prevailed at lower contents of
poly(BPOCPMA) to brittle nature dominated at high
percentages.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10965-021-02646-3.
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