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a b s t r a c t

The influence of low-density polyethylene on the thermal characteristics and the crystallinity of high
melting point macro- and micro-crystalline waxes were investigated. The samples were prepared
through melt blending using mechanical stirrer. The thermal characteristics of the blended samples
were determined using differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA).
The crystallinity of the samples was obtained using X-ray diffraction analyzer (XRD). The observations
eywords:
acro-crystalline wax
icro-crystalline wax

ow-density polyethylene
SC

are discussed in terms of possible changes when the polymer is mixed with two types of waxes. The
wax–polymer miscibility differed with the type of the wax and the amount of polymer mixed into the
wax. Also, the crystallinity and congealing point of the waxes differed with the amount of polymer mixed
into the wax. Moreover, the resulting data indicate that, blending of polymer with high melting point
micro-crystalline wax elevates its melting point to reach the limits of high melting point ceresin waxes

erent
GA
RD

which can be used in diff

. Introduction

Macro-crystalline waxes (paraffin waxes) are solid and crys-
alline mixtures of hydrocarbons; they are usually produced in the
orm of relatively large crystals and consist mainly of n-paraffins
anging from C16 to C30 and possibly higher. Varying proportions
f slightly branched-chain paraffins (C18 to C36) and naphthenes
re present [1–5].

Micro-crystalline waxes are extremely small crystals or micro-
copic in size and sometimes called amorphous. They are petroleum
axes containing substantial proportion of hydrocarbons other

han normal paraffins. They consist mainly of highly branched chain
araffins, cycloparaffins and small amounts of n-paraffins and alky-

ated aromatics [1,2,5].
Much more work had been done on the thermal and mechanical

roperties of polymer/wax. Whereas, blending of polymers rep-
esents a cost-effective way to improve material properties. An
mportant class of blends is miscible blends, consisting of compo-
ents that are not phase separated. Therefore, miscibility of the
omponents offers the opportunity for optimization of physical

roperties by controlling blend morphology [6,7].

Krupa and Luyt [8] studied some thermal properties of isotactic
olypropylene/hard Fischer–Tropsch wax blends. The DSC results

ndicated that polypropylene (PP) and hard paraffin wax are homo-

∗ Corresponding author. Tel.: +20 2 22745902; fax: +20 2 22747433.
E-mail address: magdytadrous@hotmail.com (M.T. Zaky).
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industrial applications.
© 2009 Elsevier B.V. All rights reserved.

geneous on a macro-scale when the wax content is less than 10%,
whereas, at higher wax concentrations, there is a clear separation
between wax and PP melting endotherms. TG analyses of these
blends confirmed that an increase in wax content causes a decrease
in the thermal stability of blends, since wax is thermally less stable
than PP.

Djokovic et al. [6] investigate the thermal, mechanical and
viscoelastic properties of the blends of low-density polyethylene
(LDPE) and oxidized wax. The results show that blending of LDPE
with small concentrations of wax (up to 10 wt%) can improve its
physical properties. Co-crystallization of PE and wax chains leads
to an increase in the blend crystallinity. As a result, thermal stability
is improved by more than 50 ◦C, and the elastic modulus and stress
at yield increase. However, in blends with higher wax concentra-
tions, crystal phase separation occurs. This effect, as well as, the
presence of short wax chains in the amorphous fraction, induces
deterioration of the thermal and mechanical properties. It should
be noted that small amounts low molecular weight oligomers, such
as wax, are sometimes added to polyethylene in order to improve
its processing.

Mpanza and Luyt [9] study the influence of three different waxes
(EnHance wax, H1 wax and M3 wax) on the thermal and mechani-
cal properties of low-density polyethylene (LDPE). The DSC curves

for LDPE with EnHance showed one endothermic peak for all the
blends. The enthalpy was found to increase with increasing wax
content, and the peak temperature of melting slightly increased.
The TGA results showed that the sample containing 1% wax was
the most stable, and that the stability decreased with increasing

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:magdytadrous@hotmail.com
dx.doi.org/10.1016/j.tca.2009.11.005
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ax content. At all contents of EnHance wax (1, 3, 5 and 10 wt%) in
DPE/EnHance blends, which was developed to improve process-
ng, had a small influence on the melt flow properties. The DSC
urves for LDPE and H1 wax showed that they were miscible up
o 3% wax content. For 5 and 10% wax, LDPE and H1 wax were
nly partially miscible. The presence of H1 wax slightly increased
he enthalpy of its blends with LDPE, and the peak temperature of

elting slightly increased up to 5% wax content. The TGA results
howed that H1 wax is clearly less thermally stable than LDPE, but
hat the blends were more stable, except for the sample contain-
ng 1% wax. H1 wax generally improved the flow rate of LDPE. The
DPE/M3 wax blends showed one DSC melting peak up to 5% wax
ontent. For 10% wax, a second peak was seen. The peak tempera-
ures of melting very slightly decreased, and the melting enthalpies
bservably decreased, as the M3 wax content increased. The TGA
esults showed an increase in onset temperature of degradation
or low M3 wax contents, despite the lower thermal stability of the
ax, but the stability decreased with increasing wax content. Stress

nd elongation at break decreased with increasing wax content.
On the other hand, wax/polymer blends are manufactured for a

ange of uses (e.g. hot melt adhesives, laminates, coatings, casting
axes and rubber additives). They vary in composition, depending

n their use, from a simple blend of paraffin and micro-crystalline
ax to complex blends of waxes, polyethylene, polypropylene,

esins and other additives. The thermal properties of wax/polymer
lends are very important to their industrial applications, and
herefore DSC analysis is an essential tool in controlling quality,

atching competitor blends, product development and raw mate-
ials characterization [10]. As, the previous studies still not clear
o investigate the effect of polymer on the wax characteristics.
hus, our present work aims with the influence of low-density
olyethylene on the thermal characteristics and the crystallinity
f high melting point macro- and micro-crystalline waxes by using
ifferent tools of analysis such as DSC, TGA and XRD.

. Experimental

.1. Materials

Two different prepared waxes (high melting point macro- and
icro-crystalline waxes) were produced from heavy slack wax

nd crude petrolatum obtained from El-Ameria Refining Company
nd Alexandria Petroleum Company, respectively. Low-density
olyethylene (LDPE) was supplied by Aldrich Company. It has a
elting point of 111 ◦C, a density of 0.921 g/cm3, hardness of 45

nd an average molecular weight of 25,000 g/mol.

.2. Methods

Two types of high melting point waxes (macro- and micro-
rystalline waxes) were blended with LDPE. The blends were
echanically mixed through melt blending using mechanical stir-

er at a temperature of 160 ◦C and a rotation speed of 100 rpm
or half an hour. Two blend groups were formed as represented
n Table 2.

High melting point macro- and micro-crystalline waxes and
heir blends with LDPE were physically and mechanically charac-
erized according to American Society for Testing and Materials
ASTM) standard methods [11]. The standard methods for analy-
is are congealing point (ASTM D-938), kinematic viscosity (ASTM

-445), refractive index (ASTM D-1747), mean molecular weight

ASTM D-2502) and needle penetration (ASTM D-1321).
The aromatic content of high melting point macro- and micro-

rystalline waxes was determined using liquid–solid column
hromatography technique. A 1.3 cm diameter and height of 130 cm
imica Acta 499 (2010) 79–84

column packed with activated (60–200 mesh) silica gel was used
[12]. The column was then moistened with 100 ml of n-heptane
to dissipate the heat of adsorption. 10 g of wax sample were dis-
solved in few milliliters of n-heptane and transferred to the column.
The column was then eluated with 300 ml of n-heptane followed
by 200 ml benzene and finally 100 ml of a 1:1 mixture of absolute
methanol and benzene. Fractions of 25 ml were taken from the
column, the solvent distilled off and the refractive index of each
fraction was determined. According to the refractive index data at
20 ◦C, eluates were combined into saturates, mono-, di- and poly-
aromatics. The saturate hydrocarbons have refractive indices not
more than 1.48. The mono-cyclic, bi-cyclic and poly-cyclic aromat-
ics have refractive indices from 1.48 to 1.53, 1.53 to 1.59 and higher
than 1.59, respectively [13].

n-Paraffin content was determined for the high melting point
macro- and micro-crystalline waxes using GC technique. The GC
apparatus used was PerkinElmer (Clarus 500), equipped with a
hydrogen flame ionization detector and fused silica capillary col-
umn (60 m length × 0.32 mm i.d.), packed with poly (dimethyl
siloxane) HP-1 (non-polar packing) of 0.5 �m film thickness. In
the chromatograph, the injector was heated at 350 ◦C. The col-
umn temperature was programmed from 100 to 300 ◦C at a fixed
rate of 3 ◦C/min, and nitrogen (oxygen-free) was used as a car-
rier gas with flow rate of 2 ml/min. The detector was heated at
350 ◦C, and operated with a hydrogen flow rate adjusted to opti-
mize the detector sensitivity. The sample was melted and 0.1 �l of
it was introduced into the injector. A mixture of pure n-paraffins
was used as standard. The peak area of each resolved component
(consisting of either n- and iso-paraffin) is determined individually.
However, the unresolved complex mixtures (humps); composed of
non-n-paraffins presumably mainly cycloparaffins and aromatics
with long side chains; were determined only as a total.

The degree of branching (%CH3 content) of the prepared high
melting macro- and micro-crystalline waxes was determined
using proton nuclear magnetic resonance (Varian Mercury H-NMR
spectrometer-Danemark) at 300 MHz in deutrated chloroform. The
relative proportions of methyl to methylene groups (%CH3 content)
were calculated from one third of the integrated area under the
methyl region (from about 0.5 to 1.0 ppm) and half of the integrated
area under the methylene and methine regions (from about 1.0 to
1.7 ppm) [14].

Both DSC and TGA analyses were carried out using SDTQ 600
thermal and thermogravimetric analyzer (TA-USA) to test the ther-
mal properties and thermal stability of high melting point macro-
and micro-crystalline waxes, LDPE and their blends in the temper-
ature range of 25–180 ◦C and a heating rate of 5 ◦C/min for DSC
analysis and in the temperature range of 25–700 ◦C and a heating
rate of 10 ◦C/min for TGA analysis, under dynamic nitrogen gas.

The X-ray diffraction patterns of high melting point macro- and
micro-crystalline waxes and their blends with LDPE were recorded
in the range 2� = 5–70◦ with a step size of 0.03 (2�) every 2 s, in a
Philips Analytical X-ray diffractometer with K-alpha1 radiation and
equipped with a Cu source with K-alpha1 wavelength of 1.54056 Å.
The instrument was operated at 40 kV and the incident angle of
the parallel beams was 8◦ (2�). The degree of crystallinity of high
melting point macro- and micro-crystalline waxes and their blends
with LDPE was calculated by dividing the total area under Bragg
peaks on the total area under Bragg peaks plus the area under hump.

3. Results and discussion
3.1. Characterization of the prepared waxes

The physical characteristics and the molecular type composi-
tion for the two prepared waxes are represented in Table 1. The
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Table 1
Physical characteristics and molecular type composition of high melting point
macro- and micro-crystalline waxes.

Characteristics Macro-crystalline
wax

Micro-crystalline
wax

Congealing point (◦C) 75.5 86.5
Kinematic viscosity at

98.9 ◦C (mm2/s)
7.00 13.00

Refractive index at 98.9 ◦C 1.4302 1.4360
Mean molecular weight 587 830
Needle penetration at 25 ◦C 19 7

Molecular type composition
Total saturates (wt%) 97.01 91.33

n-Paraffin content (wt%) 62.01 76.03
Iso- and cyclo-paraffins
content (wt%)

35.00 15.30

Total aromatics (wt%) 2.99 8.67
Mono-aromatics (wt%) 2.99 8.67
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polymer [9].
Comparing between the two waxes, data observed that blending

up to 30 wt% LDPE with macro-crystalline wax increases the peak
temperatures of melting of the wax to higher values (from 70.73
Degree of branching (%CH3

content)
14.37 4.96

Degree of crystallinity (%) 83 63

hysical characteristics data such as congealing point, kinematic
iscosity, refractive index, mean molecular weight and needle pen-
tration are within the limits of high melting point macro- and
icro-crystalline waxes’ specifications [15]. Also these data indi-

ate that the congealing point, kinematic viscosity and refractive
ndex of micro-crystalline wax are higher than those of macro-
rystalline wax. This is due to the high boiling point range and/or
ean molecular weight of the micro-crystalline wax. Usually,
acro-crystalline waxes consist mainly of n-paraffins and varying

roportions of slightly branched-chain paraffins and naphthenes
hile micro-crystalline waxes consist mainly of highly branched

hain paraffins, cycloparaffins and small amounts of n-paraffins
nd alkylated aromatics [1–5]. However, molecular type compo-
ition data indicated that the prepared macro-crystalline wax has
ower n-paraffin content and consequently higher iso- and cyclo-
araffin content than those obtained for the micro-crystalline wax.
he degree of branching data confirmed the previous findings but
he degree of crystallinity of macro-crystalline wax was found to
e higher than that obtained for the micro-crystalline wax. This

s due to that micro-crystalline wax contains the highest aro-
atic content (8.67 wt%). These aromatic components impose their

morphous shape on the crystal shape of micro-crystalline wax.
EM photographs confirmed the previous results whereas, the
acro-crystalline wax crystals appear in large and loose needle

orm (Fig. 1a). Meanwhile the micro-crystalline waxes crystallize in
eedle form which are small crystals or microscopic in size (Fig. 1b).

.2. Differential scanning calorimetry

The DSC curves of high melting point macro- and micro-
rystalline waxes, LDPE and their blends are shown in Figs. 2 and 3,
espectively. Only one endothermic peak was observed for 100%
acro-crystalline wax, 100% micro-crystalline wax and 100% LDPE
hich relates to the melting temperature of the pure materials

70.73, 80.04 and 120.08 ◦C, respectively). Meanwhile, for the blend
roups 1 and 2 two endothermic peaks were shown whereas, the
rst one represents the melting temperature of the wax and the
econd one represents the melting temperature of the polymer. The
bservation of these two endothermic peaks in all blends is an indi-
ation that both macro- and micro-crystalline waxes are partially
iscible with LDPE; i.e., the two waxes may crystallize separately in
he amorphous phase of the LDPE. Also, DSC data show that, blend-
ng of 10 wt% LDPE to macro- and micro-crystalline waxes increases
heir onset and peak temperatures of melting and decreases those
or LDPE in the blends (curves a and f in Figs. 2 and 3, respectively).
Fig. 1. SEM photographs of high melting point macro- (a) and micro-crystalline (b)
waxes.

This is due to the plasticizing effect of the molten wax on the LDPE.
Another increase of LDPE content from 10 to 30 wt% increases the
onset and peak temperatures of melting for the two waxes and
LDPE (Table 2, curves b–e in Fig. 2 and curves g–k in Fig. 3), pos-
sibly indicating a small increase in lamellar thickness of the wax
and confirming the partial miscibility of the two waxes with the
Fig. 2. DSC curves for 100% macro-crystalline wax, 100% LDPE and their blends (a–e).
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ig. 3. DSC curves for 100% micro-crystalline wax, 100% LDPE and their blends (f–k).

o 78.05 ◦C) than blending with micro-crystalline wax (from 80.04
o 84.48 ◦C). This is due to the higher difference in melting points
etween macro-crystalline wax and LDPE (70.73 and 120.08 ◦C,
espectively) than micro-crystalline wax and LDPE (80.04 and
20.08 ◦C, respectively)

Moreover, the increase of LDPE content decreases the total
nthalpy (�HTm) of its blends with both macro- and micro-
rystalline waxes (Table 2). This indicates a decrease in the
rystallinity of the wax by increasing LDPE content from 10 to
0 wt%. Blending of 10 wt% of LDPE to the two waxes decreases the
nthalpy of both macro- and micro-crystalline waxes to valuable
alues (from 27.48 to 18.69 cal/g for the former and from 29.41 to
4.39 cal/g for the latter). Increasing the LDPE content from 10 to
5 wt% in both waxes leads to much decrease in the total enthalpy
f macro-crystalline wax (from 18.69 to 12.78 cal/g) than that of
icro-crystalline wax (from 14.39 to 12.16 cal/g). Another increase

f LDPE content from 20 to 30 wt% blended with macro- and micro-
rystalline waxes leads to a slight decrease in the total enthalpy of
acro-crystalline wax/LDPE blends (from 11.93 to 10.40 cal/g) and

early still unchanged for micro-crystalline wax/LDPE blends (from
0.71 to 10.47 cal/g). This means that blending of LDPE to macro-
rystalline wax decreases its crystallinity to a higher degree than
icro-crystalline wax, suggesting that LDPE causes much more dis-

ortion in macro-crystalline wax crystal lattice.
.3. Thermogravimetric analysis

The TGA curves of pure macro-crystalline wax, pure LDPE
nd their blends are shown in Fig. 4. It is obvious that the

able 2
SC onset and peak temperatures, as well as enthalpies of melting of the investigated sam

Sample T1o,m (◦C) T1p,m (◦C) �H1m (cal/g) T2o,m (◦C)

100% LDPE – – – 106.96

Macro-crystalline wax/LDPE (Blend group 1)
100/0 57.29 70.73 27.48 –
90/10 (Blend a) 57.53 72.67 17.99 93.04
85/15 (Blend b) 59.07 75.71 11.89 97.72
80/20 (Blend c) 59.72 76.41 10.62 98.23
75/25 (Blend d) 60.55 77.90 10.13 99.98
70/30 (Blend e) 62.02 78.05 8.34 101.57

Micro-crystalline wax/LDPE (Blend group 2)
100/0 62.67 80.04 29.41 –
90/10 (Blend f) 63.21 81.71 14.00 98.30
85/15 (Blend g) 65.81 83.54 11.33 99.18
80/20 (Blend h) 66.46 83.88 9.51 100.76
75/25 (Blend i) 66.96 84.22 9.15 100.90
70/30 (Blend k) 67.76 84.48 8.63 101.16

1o,m and T2o,m are the onset temperatures of melting, T1p,m, T2p,m are the peak temperatu
lends, respectively and �HTm is the total melting enthalpy of the blends.
Fig. 4. TGA analysis for 100% macro-crystalline wax, their blends with 10 (a), 15 (b),
20 (c), 25 (d) and 30 wt% (e) LDPE and 100% LDPE.

macro-crystalline wax is clearly less thermally stable and starts
decomposing at a much lower temperature than LDPE. Also, it
can be noticed that the thermal stabilities of macro-crystalline
wax/LDPE blends are between those of wax and LDPE except the
blend contains 10 wt% of LDPE which shows a lower onset temper-
ature of decomposition than the pure wax. This means that the
addition of 10 wt% of LDPE deteriorates the thermal stability of
macro-crystalline wax due to the difference in the crystallinity and
crystal shape of each one. The TGA curves of all micro-crystalline
wax/LDPE blends show a shift of onset of decomposition to higher
temperatures with increasing LDPE content as compared to those of
the pure materials (Fig. 5). Since thermal degradation starts at weak
bonds or chain ends, it is possible that the less thermally stable
wax chains are somehow protected in the thicker LDPE lamel-
lae [9]. This means that the thermal stability of micro-crystalline
wax/LDPE blends are increased with increasing LDPE content due
to the higher thermal stability of the polymer. Also, TGA curves
observed that micro-crystalline wax is clearly higher in thermal
stability than macro-crystalline wax due to its higher mean molec-
ular weight (830) and/or boiling point range (Table 1). The effect
of blend composition on the thermal stability of the macro- and

micro-crystalline waxes/LDPE blends can be seen in Fig. 6a and
b, where the temperatures of 10, 20 and 40 wt% decomposition
(Fig. 6a) and 60, 80 and 90 wt% decomposition (Fig. 6b) are plot-
ted versus LDPE content. For macro-crystalline wax/LDPE blends

ples.

T2p,m (◦C) �H2m (cal/g) �HTm (cal/g) Degree of
crystallinity (XRD)

120.08 9.46 9.46 –

– – 27.48 83
101.08 0.70 18.69 70
104.20 0.89 12.78 68
105.50 1.31 11.93 67
107.24 1.39 11.52 –
109.60 2.06 10.40 65

– – 29.41 63
101.78 0.39 14.39 62
103.35 0.83 12.16 62
104.30 1.20 10.71 62
108.14 1.32 10.47 –
110.34 1.84 10.47 62

res of melting, �H1m, �H2m are the melting enthalpies of waxes and LDPE in the
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ig. 5. TGA analysis for 100% micro-crystalline wax, their blends with 10 (f), 15 (g),
0 (h), 25 (i) and 30 wt% (k) LDPE and 100% LDPE.

group 1), by increasing LDPE content from 15 to 30 wt% the tem-
eratures of decomposition at 10, 20 and 40 wt% decomposition
re slightly increased, while there is a moderately increase in the
emperature of decomposition at 60 wt% decomposition. Moreover,

he increase in the temperatures of decomposition is more pro-
ounced at 80 and 90 wt% decomposition with increasing LDPE
ontent and the thermal stability improved by more than 55 ◦C
Fig. 6b). This means that LDPE elevates the thermal stability of

ig. 6. Temperatures of 10, 20 and 40 wt% (a) and 60, 80 and 90 wt% decomposition
b) of blend groups 1 and 2, respectively as a function of LDPE content in the blends.
Fig. 7. X-ray diffraction patterns of macro-crystalline wax and its blends with LDPE.

macro-crystalline wax/LDPE blends due to its high thermal sta-
bility. Whereas, introducing more of the high molecular weight
material induces a gradual increase in the temperature at which
decomposition starts [16]. For micro-crystalline wax/LDPE blends
(group 2), the temperatures of decomposition at 10 and 20 wt%
decomposition are slightly increased (about 10 ◦C) with increasing
LDPE content from 10 to 30 wt%. Meanwhile at 40, 60, 80 and 90 wt%
decomposition, the temperatures of decomposition are moderately
increased (from 19 to 28 ◦C) with increasing LDPE content. Another
interesting observation is the presence of a two-stage decomposi-
tion process for macro-crystalline wax/LDPE blends (Fig. 4), while
its absence for micro-crystalline wax/LDPE blends (Fig. 5), as a
result of the worse wax/polymer partial miscibility for the former
blends and the better partial miscibility for the latter blends. It can
be explained that in the case of macro-crystalline wax/LDPE blends,
the crystal phase separation and the possible presence of free wax
chains in the amorphous phase may induce deterioration of the
thermal stability of the blends, while some co-crystallization may
have been present in the case of micro-crystalline wax/LDPE blends
which results in the suppression of the wax vapor pressure [7,16].

3.4. X-ray diffraction
The X-ray diffraction patterns (Figs. 7 and 8) represent the crys-
talline lattice behavior of both macro- and micro-crystalline waxes
and their blends with LDPE, respectively. It can be observed that
macro-crystalline wax is more crystalline than micro-crystalline

Fig. 8. X-ray diffraction patterns of micro-crystalline wax and its blends with LDPE.
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Table 3
Properties of macro- and micro-crystalline waxes and their blends with LDPE.

Sample Congealing point (◦C) Needle penetration
at 25 ◦C

Macro-crystalline wax/LDPE (Blend group 1)
100/0 75.5 18
90/10 (Blend a) 79 17
85/15 (Blend b) 80.5 15
80/20 (Blend c) 82.5 14
75/25 (Blend d) 84 12
70/30 (Blend e) 86 9

Micro-crystalline wax/LDPE (Blend group 2)
100/0 86.5 7
90/10 (Blend f) 89 7
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[

[

[

[14] K.M. Agrawal, G.C. Joshi, J. Chem. Tech. Biotechnol. 31 (1981) 693–696.
[15] U.C. Agrawal, N.N Kulsrestha, B.S. Rawat, Proceedings Second Int. Pet. Conf. &

Exbn. PETROTECH-97, New Delhi, 49-58, 1997.
[16] H.S. Mpanza, A.S. Luyt, S. Afr. J. Chem. 59 (2006) 48–54.
[17] R.T. Edwards, TAPPI 2 (1963) 95–111.
85/15 (Blend g) 90 6
80/20 (Blend h) 91.5 4
75/25 (Blend i) 92.5 3
70/30 (Blend k) 93.5 3

ax as a result of the presence of excess sharp peak at 2� ∼36.07◦

esides the two well crystalline defined peaks of high intensity
bserved at 2� ∼21.58◦ and 23.96◦. This is due to the high amount
f crystalline material in macro-crystalline wax which is con-
rmed with its high degree of crystallinity (above 80%). While
icro-crystalline wax have a considerable quantity of amorphous
aterial which probably consists of the non-normal hydrocarbons

ogether with an amount of lower melting point n-paraffin [17,18].
lending of macro-crystalline wax with 10 wt% LDPE decreases

ts crystallinity from 83 to 70% which is in line with the disap-
earance of the sharp peak which was seen in the pure wax at
� ∼36.07◦. Another increase of LDPE content leads to somewhat
ecrease in the crystallinity of macro-crystalline wax/LDPE blends
from 70 to 65%) and this is revealed from the decrease in the inten-
ity of the two peaks of the blends which seen at 2� ∼21.58◦ and
3.96◦ (Table 2 and Fig. 7). While blending of micro-crystalline
ax with 10 wt% LDPE decreases its crystallinity only from 63 to

2% and the crystallinity nearly unchanged when the LDPE con-
ent increases from 10 to 30 wt% (Table 2 and Fig. 8). This means
hat the crystallinity of macro-crystalline wax is highly affected
y blending with LDPE than micro-crystalline wax. Data of degree
f crystallinity calculated from X-ray diffraction analysis are par-
llel with the total enthalpy data determined from DSC analysis,
hereas they behave nearly the same trend on increasing LDPE

ontent (Table 2).

.5. Effect of crystallinity on the properties of wax/polymer blends

The congealing point and needle penetration of both macro-
nd micro-crystalline waxes and their blends with LDPE are rep-
esented in Table 3. Data indicate that as LDPE content increases,
he congealing point of the blends increases and consequently
he needle penetration decreases, i.e., the hardness increases.
eally, as the hardness (which measured by needle penetra-
ion) is increased, the crystallinity of the blends is decreased
ith increasing LDPE content. Comparing between macro- and
icro-crystalline waxes/LDPE blends, data observed that macro-
rystalline wax/LDPE blends have lower congealing points and
igher needle penetration than micro-crystalline wax/LDPE blends.
his is due to that, macro-crystalline wax of low molecular weight
re more crystalline and have higher needle penetration values
han micro-crystalline wax which have high molecular weight

[
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(Tables 1 and 3). Moreover, according to ceresin specifications, the
produced wax/polymer blends of micro-crystalline wax with LDPE
are considered as high melting point ceresin waxes which can be
used in different industrial applications.

4. Conclusions

The DSC results indicate that both macro- and micro-crystalline
waxes are partially miscible with LDPE and the increase of LDPE
content to the two waxes decreases the total enthalpy of the blends
and consequently decreases their crystallinities.

TGA analysis of these blends confirmed that an increase in LDPE
content elevates the thermal stability of the blends. Also, the pres-
ence of a two-stage decomposition process for macro-crystalline
wax/LDPE blends, while its absence for micro-crystalline wax/LDPE
blends.

X-ray diffraction analysis revealed that blending of LDPE to
the two waxes leads to somewhat decrease in the crystallinity of
macro-crystalline wax/LDPE blends and negligible change in that
of micro-crystalline wax/LDPE blends.

Moreover, the resulting data indicate that, blending of polymer
with high melting point micro-crystalline wax elevates its melting
point to reach the limits of high melting point ceresin waxes which
can be used in different industrial applications.
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