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Literature review 
2.1. Waste rubber devulcanization 

      The  development  of  an  economical  process  for  recycling  used  tires  
will  alleviate the  disposal  program  of  the  scrap  tires.  Vulcanized  rubber,  
because  of  its  three-dimensional structure, cannot flow into the 
manufacturing processes, therefore limiting the  scope  of  recycling  used  
tires.  Devulcanization technology was investigated by Kim et al.,[62] in 
order to develop a feasible process to minimize the stockpiles of waste tires.  
This process induces the cleavage of the cross-linked networks in the tire 
structure through the combinational methods of ultrasonic and chemical 
devulcanization. The products from devulcanized tires are the major original 
components of tires. Rubber, carbon black, and extended oil were the main 
materials recovered, and sulfur was separated out in this technology. These 
recovered materials have many applications as reusable materials for the 
manufacturing sector. 

     During recent decades, for both economic and environmental reasons, 
recycling of waste tires that are based on SBR/NR has been widely 
considered. The devulcanization process of the tread section of waste tires 
was carried out by Yazdani et al.,[63]  using a twin-screw extruder. They 
observed that the combination of screw speed and barrel temperature could 
break the crosslinks selectively and percent of devulcanization was strongly 
dependent on shear stress. Devulcanized samples were formulated with 
virgin rubber (15/85 wt% ratio) and re-cured successfully with a very smooth 
surface. Mechanical properties of revulcanizates were acceptable, a result 
which means that there is no limitation on the use of devulcanized rubber up 
to 15 wt%. 

     The use of recycled rubber in preparation of acoustic absorbent materials 
helps to combat the existing environmental problems of both waste disposal 
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and noise pollution. Zhang et al.,[64] investigated the influence of 
mechanochemical pretreatment of GTR on the acoustic absorption properties 
of PU/GTR foamed composites. GTR subjected to pan-milling could be 
mechanochemically devulcanized by breaking up the crosslinked structures 
through inducing fairly strong shearing and compressing forces. The 
significant increase in sol fraction of GTR confirmed the partial 
devulcanization during pan-milling. Moreover, thermal gravimetric analysis 
indicated that rubber content in the soluble part of GTR was also remarkably 
increased. The devulcanization increased flexible chains of the GTR 
particles, which could help to improve damping properties as well as acoustic 
absorption ability of the PU/GTR foamed composites. Dynamic mechanical 
analysis and acoustic absorption measurements well confirmed this 
hypothesis. The loss modulus and sound absorption coefficient of PU/GTR 
foamed composites were remarkably increased through the mechanochemical 
pretreatment of GTR. The mechanochemical pretreatment also enhanced 
foamability of the composites as revealed by cell morphology. 

     GTR and DR waste through a continuous shear-flow reaction were used 
as fillers for virgin natural rubber managed by Li et al.,[65] A Horikx plot 
and the gel fraction proved that both main-chain scission and crosslink 
scission occurred during the devulcanization. The cure characteristics, 
swelling behavior, crosslink density, and mechanical properties were studied. 
GTR and DR, generated from passenger car and light truck tires, showed 
applicable mechanical properties in the new rubber compounds, and the 
compounds containing DR demonstrated better properties than those 
containing GTR 

     Cavalieri et al.,[66]  successfully devulcanized cured rubber powder 
under the application of high-energy ball milling. An attempt was made to 
improve the efficiency of devulcanization with a phenolic antioxidant (2,6-
di-tert-butyl-4-methyl-phenol). In addition, the grafting of virgin natural 
rubber to the surface of rubber powder was promoted by milling under an 
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a function of milling time. Also, the influence of the gel content on crosslink 
density at various time intervals on the open two roll mixing mill was 
determined. A unique correlation between gel fraction and crosslink density 
obtained at various time intervals and concentrations of reclaiming agent 
indicated that an optimization of the concentration of TMTD and milling 
time has a positive influence on improving the efficiency of reclaiming. The 
reclaiming conditions have been optimized in view of the mechanical 
properties of the revulcanized GTR and the aging resistance properties of the 
revulcanized reclaim. The influence of the concentration of sulfur on the 
mechanical properties in the revulcanized reclaim was also studied. SEM 
studies further indicate the coherency and homogeneity in the revulcanized 
reclaim rubber when reclamation is carried out by optimum concentration of 
TMTD after maximum time of reclaiming. 

2.1.2. Devulcanization cases  

      Benko and Beers [73] disclosed a process for devulcanizing the surface 
of reclaimed rubber crumb into surface devulcanized reclaimed rubber crumb 
that is suitable for being re-compounded and re-cured into high performance 
rubber products, said process comprising the steps of (1) heating the 
reclaimed rubber crumb to a temperature which is within the range of about 
150° C to about 300° C under a pressure of at least about 3.4×106 Pascals in 
the presence of a solvent selected from the group consisting of alcohols and 
ketones, wherein said solvent has a critical temperature, which is within the 
range of about 200°C to about 350°C, to devulcanize the surface of the 
rubber crumb thereby producing a slurry of the surface devulcanized 
reclaimed rubber crumb in the solvent, wherein the reclaimed rubber crumb 
has a particle size which is within the range of about 325 mesh to about 20 
mesh, and (2) separating the surface devulcanized reclaimed rubber crumb 
from the solvent. 

      A method of reducing vulcanized rubber was provided by Harrison and 
Hooper [74]. The method comprises the steps of heating the rubber, wherein 
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the rubber includes synthetic rubber, in the presence of a solvent, wherein the 
solvent includes water to a temperature below a critical temperature of the 
solvent, providing a pressure that is at least equal to a saturated vapour 
pressure of the solvent at the temperature and maintaining the temperature 
and the pressure for a time sufficient to devulcanize the rubber and produce a 
reaction product that is primarily a solid phase and includes rubber 
hydrocarbon. 

      Mechanical/chemical method and composition for devulcanization of 
rubber maintains the macromolecules, renders sulfur passive for later re-
vulcanization, is cost effective, environmental friendly and produces high 
quality de-vulcanized rubber to replace virgin rubber. Waste rubber was 
shredded, crushed and metal- removed. Modifying composition was added as 
the particles of shredded waste rubber are poured between two rollers that 
further crush the particles, Goldshtein and Kopylov [75]. The modifying 
composition is a mixture of (1) a proton donor that selectively breaks the 
sulfur bonds and renders the sulfur passive, (2) a metal oxide and (3) an 
organic acid that builds new bonds between macromolecules for later re-
vulcanization, (4) an inhibitor that prevents re-attachment for sulfur radicals 
with each other before the proton donor attaches itself to the sulfur and (5) a 
friction agent that prevents sliding of the waste rubber between the rollers. 
The particles were subjected to at least ten sets of rollers. 

     A method and apparatus for devulcanizing cured or cross-linked 
elastomers were managed by Boris and Alexander,[76].  The method 
includes subdividing elastomeric raw material into small particle form, 
confining the particles of elastomer under high force, as in a screw extruder 
or the like and, as the particles remain confined, imparting ultrasonic energy 
to the mass to effect devulcanization. Energy is fed to the confined particles 
transversely of the axis along which they are advancing, and energy from a 
source is reflected off a portion of the apparatus and back into the treatment 
zone so as to achieve maximum energy utilization. In particular an instance, 
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inversion point using dynamic viscoelastic properties of blend components. 
A good fi t of our experimental results was obtained by adjusting the general 
relationship of the composition as a function of the viscosity ratio and by 
introducing an exponent and prefactor. 

      The enhancing effects of crosslinking by the addition of 1, 3, and 5 wt% 
of TAC to blends containing 80 wt% of HDPE and 20 wt% of EPDM during 
electron beam irradiation were investigated by Shin et al.,[99] More 
specifically, the thermal and mechanical properties were studied as a function 
of the electron beam irradiation dose and an amount of the crosslinking 
agent, such as TAC. The results showed that the values of the gel content, 
thermal stability, tensile properties, impact strength, and rheology increased 
with increasing irradiation dose up to 150 kGy. For higher doses, the values 
decreased. Addition of the crosslinking agent to the HDPE/EPDM blends 
showed an enhanced crosslinking effect of various properties during electron 
beam irradiation. The addition of 3 wt% of TAC led to the highest thermal 
and mechanical properties. An irradiation dose of 150 kGy with the addition 
of 3 wt% TAC was the optimal condition to obtain blends with the best 
properties. 

         TPV of EPDM and PA with excellent mechanical properties was 
prepared by dynamic vulcanization. The effects of the vulcanizing agents, 
compatibilizer, PA content, aging and reprocessing on mechanical properties 
of EPDM/PA thermoplastic vulcanizate were investigated by Liu et al.,[100]. 
Experimental results indicate that chlorinated polyethylene has a better effect 
in compatibilizing the EPDM/copolyamide blends compared with the other 
compatibilizers, including MAH-G-EPR, MAH-G-EPDM and epoxidised 
ethylene-propylene-diene rubber. TS and Eb go through a maximum value at 
a compatibilizer resin content (on total rubber content) of 20%. EPDM/PA 
TPV using sulfur as a vulcanizing agent has higher tensile strength and 
elongation than that of TPVs using a brominated tert-butyl phenolic resin or 
peroxide as vulcanizing agent. Tensile strength and elongation at break 
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       Preparation of PP/WTD blends with addition of DCP and N,N1-m-
phenylene bismaleimide (HVA-2) (PP/WTDP-HVA2) was described by Awang 
and Ismail.[117] The blends were characterized based on their tensile 
properties, swelling resistance and morphology, as well as thermal properties. 
The results reveal that the presence of both chemicals in PP/WTDP-HVA2 

blends brought about noticeable improvements in tensile properties, swelling 
resistance and interfacial adhesion. The thermal stability was also improved, 
indicating existence of some chemical interaction between WTD and the PP 
matrix in the presence of both DCP and HVA-2 during processing. The 
results imply that both chemicals had great influences on WTD 
destabilization, leading to the enlargement and intensification of the 
copolymer formation and, hence, improved the interfacial adhesion between 
WTD and the PP matrix. A competing reaction mechanism that may 
contribute to the property enhancement of PP/WTDP-HVA2 blends was 
proposed. 

       Shanmugharaj et al,.[118] functionalized waste tire powder in the 
presence of various concentrations of allylamine and benzoyl peroxide. They 
confirmed presence of allylamine on the surface of the rubber powder and 
concluded that improvements in the TS, Eb, and storage modulus observed, 
attributed to an improvement in the compatibility due to the chemical 
interaction between the rubber powder and compatibilizer. Evidence for the 
reaction between the rubber surface and compatibilizer was observed in 
Fourier transform infrared studies. This peroxide-initiated monomer-grafting 
technique is feasible for large-scale processes 

      Ganesh, and Unnikrishnan[119] prepared different ratios from SR/EVA 
rubber blend using DCP and BP as curing agents. They found almost all the 
mechanical properties have been found to be increased with increase in EVA 
content in the blends particularly in DCP-cured systems. The increment in 
mechanical properties of the blends with higher EVA content was explained 
in terms of the morphology of the blends, attested by scanning electron 
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       Montoya et al.,[124] did  a  systematic  study  of  physical  
characterization  on  a  series  of  commercial  TPE  based  on  PP  and 
EPDM. They examined formulations from different manufacturers, having a 
wide range of Shore hardness values (from A45 to D51). It was found that 
EPDM used for the different formulators is very similar in ethylene content 
and thermal properties. Therefore, the TPE hardness is mainly controlled by 
the PP content and only nice elastomeric behavior was observed in grades 
with dominant proportion on EPDM. Grades with higher hardness values and 
dominant proportion of PP showed a mechanical response corresponding to a 
toughened thermoplastic. 

         Magioli et al.,[125] combined virgin styrene-butadiene copolymer with 
30% PP and 70% GTR to prepare thermoplastic elastomer blends using DCP 
and BMI, and concluded that blends showed excellent ultimate TS and Eb, 
comparable with several others TPV systems, and also good reprocessing, 
which becomes useful for several potential applications. The blends were 
also characterized in terms of fatigue properties, morphology and dynamic 
mechanical properties. The tensile properties after fatigue stress decreased 
but this behavior was less significant for PP/GTR vulcanized blends. The 
effects of the dynamic vulcanization and the presence of GTR on the degree 
of crystallinity of the PP phase were also evaluated by DSC. 

        Nicolini  et  al. [126] compared  the  behavior  of  two different  curing  
agents:  one  conventional  DCP  and  a  mixture  of  DCP/ BMI,  in  
thermoplastic  vulcanizates  based  on  PP/EPDM  35/65  w/w.  TPVs 
obtained by using DCP presented lower tensile strength, lower  swelling  
degree  and  remarkable  lower  deformations  than  those  obtained  with 
BMI/DCP system. The hardness properties were not significantly affected by 
the content of  the  curing  agent,  showing  only  a  slight  decrease  when  
DCP  content  was  increased. The study of the morphology evolution 
showed the rubber phase undergoes crosslinking after adding the curing 
agent. 
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weight 60/40 (w/w), 50/50 (w/w) and 40/60 (w/w) with variation 
concentration of DCP and DVB 1 phr, 2 phr and 3 phr were mixed into 
internal mixer at temperature 180 oC. Then, the blends were pressed at 185 
oC and specimen was molded according to the ASTM D638. The 
characterization were carried out based on tensile strength testing, crosslink 
percentage, morphology surface analysis with SEM and  fungtional  group  
analysis  with  FTIR.  The  result  showed  that  the  blends  of 
Polypropylene-SIR 10 rubber 60/40 (w/w) with 2 phr DCP and 1 phr DVB 
posses a higher tensile strength with value 1.37 Kgf/mm2 and value of 
elongation at break 17.58%, and value of percentage crosslink 82.4%. The 
result of morphology test with SEM showed that the blend was well 
homogenous. Spectra analysis with FT-IR has shown physical interaction 
among components of the blends. 
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Material and Experimental Techniques 
3.1. Materials 
      Ground tire rubber (GTR) was kindly provided by Narobine Company, 
Cairo, Egypt, of particle size 10 mesh from the tread and sidewalls of 
passenger and truck tires. It contained approximately hydrocarbon, 59.8 % 
( 30% NR, 40% (SBR), 20%-NBR and 10% butyl and halogenated butyl 
rubber), 24% carbon black, 15% acetone extract, approximately 0.92% sulfur 
and approximately 0.98 % ZnO. High crystalline polypropylene (575P) 
supplied by SABIC/ Europe Company with MFI= 2.16 g/10 min, density 
905kg/m3 and crystallinity of 93.1% was implemented. Chemical materials of 
devulcanization process are benzoic acid, zinc oxide, stearic acid, 
hydroquinone are products of El-Nasr Pharmaceutical Chemicals Company 
(ADWIC). (EPDM-Roylene375), supplied by Uni-royal Chemical company, 
Inc., USA. The ethylene to propylene ratio is approximately 75:25 (weight) 
and it contains about 2% dicyclopentadiene as diene monomer. Dicumyl 
peroxide (DCP) was obtained from China National Medicine (Group) 
Shanghai Chemical Reagent Corporation, whose half-life time is about 0.25 
min at 200 1oC. 
   
3.2. Experimental Techniques 
3.2.1. Preparation of sample 
3.2.1.1. Preparation of devulcanized rubber 
      One hundred grams of ground rubber was mixed with chemical 
compositions in Table 1, at a friction of 3-6%. The mixtures were then 
mechanically milled in an open two-roll mill for 40 min at a temperature less 
than 70oC. It has been found that with progress of milling the materials 
become soft, sticky and band formation occurs on the roll. Where stearic acid, 
bi-functional character act as lubricants, zinc oxide act as accelerators, 
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3.2.2.5. Morphological characterization 

     An ISM-5400 scanning electron microscope, JEOL, Tokyo, Japan, was 
used for morphological observation of fracture cross section samples in 
liquid nitrogen and coated with gold before microscope testing. 
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Results and Discussion      
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Part I:  
Radiation-vulcanization of DR/PP  

      The mechano-chemical devulcanization of rubber maintains the 
macromolecules of waste rubber and renders the sulfur passive. Vulcanized 
rubber networks contain three bonds [C-C, C-S, and S-S] that differ in 
strength [S-S< C-S<C-C]. When benzoic acid is added, the COOH group of 
the benzoic attacks the S-S bond and easily donates hydrogen, Scheme [4] 
[Goldshtein and M. Kopylov., 75].  
 

S Sx

S

S

     Mechanical milling
S.

S.
S.

.

Sx.

Crosslink bond breakage

COOH
SH

SH

SH
SHx

Mixture of composition

Mixture of composition

 
 

Scheme [4]: Represent mechanical milling in presence of reclaiming agent 
 
4.1.1. Characterization of devulcanized rubber 
4.1.1.1. Sol–gel analysis 
     The fraction of soluble matter (sol component) presented in the sample 
can indicate the efficiency of the devulcanization process. In general, the 
higher the sol fraction is the more efficient the devulcanization process is. 

Clic
k t

o 
bu

y N
OW

!P
DF-XChange Viewer

w
w

w .d o c u -t r ac k .c
o m Clic

k t
o 

bu
y N

OW
!P

DF-XChange Viewer

w
w

w .d o c u -t r ac k .c

o mClic
k t

o 
bu

y N
OW

!P
DF-XChange Viewer

w
w

w .d o c u -t r ac k .c
o m Clic

k t
o 

bu
y N

OW
!P

DF-XChange Viewer

w
w

w .d o c u -t r ac k .c

o m

http://www.pdfxviewer.com/
http://www.pdfxviewer.com/
http://www.pdfxviewer.com/
http://www.pdfxviewer.com/


 
Results and Discussion      

 

���
�

Table (1) shows the effect of pan-milling on the sol fraction of GTR. It is 
apparent that the best devulcanization yield, sol fraction 31.4% and gel 
fraction 68.6%, has been selected to serve the DR blend fraction. The results 
indicate that the crosslinked structure of GTR was broken during pan-milling, 
which made the soluble fractions of the sample increase. 

4.1.1.2. Fourier Transform Infrared Spectroscopy (FTIR) 

      Fig.1 confirms the presence of carbon  black  in  the  rubber  by the peak at 
3601 cm-1 of the phenolic group [OH] stretching [134], and peaks at 1705 
and1520 cm-1 of the lactone ring [C=O] and [C=C] stretching, respectively [135]. 
The peak at 3251 cm-1 is assigned for [-CH] stretching vibration of the styrene ring 
hydrogens. The peak at 2939 cm-1 corresponds to [C-H] symmetric stretching of 
the styrene methane groups. The presence of unsaturation sites [C=C] in the 
isoprene units was confirmed by the peak at 1606 cm-1. The peaks at 1318 and 680 
cm-1 represent [-C-C-] stretching in [C-CH3] group and ring deformation vibration 
of styrene, respectively. The peak within the range 2400-2000cm-1 is assigned for 
[CN] in NBR. The assignments confirm the presence of SBR and NBR in the 

Fig. (1): FTIR spectra of GTR and yielded DR via different compositions 
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applied rubber powder. The [SH] band appears near 2881 cm-1confirms that the 
bonds [S-S, C-S] become passive that thereafter convert to [SH].  

4.1.1.3. Thermogravimetric analysis (TGA) 
     Literature shows that the main products of thermal degradation of NR are 
isoprene, dipentene, and p-menthene [136]. Fig.2 displays the degradation 
temperature of DR and GTR to confirm the achievement of 
mechanochemical devulcanization.� The degradation was in two stages, the 
two step weight loss was due to the degradation by the random chain scission 
of DR, Table (5). The market improvement in thermal stability of DR is 
attributed to a progressive interfacial linking between molecule chains as a 
result [137].  

     First one between 100-300oC, the mass loss in this temperature range is 
due to the evaporation or decomposition of extender oil and other organic 
non-polymeric additives present in the rubber compound [138]. For the tire 
rubber, the extender oil is typically a mixture of hydrocarbons such as 
aromatic oil which serves to soften the rubber and improve processability. 
Another second stage of mass loss between 300 and 500oC on the TG curve 
correspond to the decomposition of rubber components. The low-temperature 
(approximately375oC) and high-temperature (approximately 420oC) 
decompositions occurred due to the decomposition of natural rubber and 
styrene–butadiene rubber and/or polybutadiene rubber, respectively [139]. 
 

Table (5): TGA data of GTR compared with DR., where T (0.25) at 25 % weight loss 
Temperature, T (0. 50) Temperature at 50 % weight loss and T (0.75) Temperature at 75 %�

 

Sample T(0.25) T(0.50) T(0.75) 
Residual weight % 

at 600 
o
C 

GTR 375. 1 480.9 - 30.4 
DR 389.9 459.7 - 27.3 

Clic
k t

o 
bu

y N
OW

!P
DF-XChange Viewer

w
w

w .d o c u -t r ac k .c
o m Clic

k t
o 

bu
y N

OW
!P

DF-XChange Viewer

w
w

w .d o c u -t r ac k .c

o mClic
k t

o 
bu

y N
OW

!P
DF-XChange Viewer

w
w

w .d o c u -t r ac k .c
o m Clic

k t
o 

bu
y N

OW
!P

DF-XChange Viewer

w
w

w .d o c u -t r ac k .c

o m

http://www.pdfxviewer.com/
http://www.pdfxviewer.com/
http://www.pdfxviewer.com/
http://www.pdfxviewer.com/


 
Results and Discussion      

 

���
�

4.1.1.4. Scanning electron microscopy (SEM) �

      Fig.3 illustrates the micrographs of the examined samples. It is observed that the 
particles appear in irregular shapes, including very large and very small particles, the 
substantively large particles express the conformation of gel agglomerates with high 
crosslink density, viz. have not experienced vigorous degradation while 
devulcanized . 

 Fig (2) :TGA thermograms of  GTR and yielded DR via composition 2
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Fig.3: SEM of GTR (A), DR via composition 1(B), DR via composition 2(C) and DR via 
composition 3 (D) 
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4.1.2. Characterization of DR/PP blends 

4.1.2.1. Gel fraction analysis  

     Table (6), shows the gel fraction content measurement of the formulated 
blends. The influence of the DR varying content was studied. As expected, as 
DR amount increases, the gel content decreases. The decrease in gel content 
may be explained by the known non-compatibility of DR as a result of the 
initial scission of the waste tire macromolecules under conditions of shear 
and heat. Irradiated samples at various doses revealed gel fractions higher 
than that of the blank system, depending on the irradiation level of the cured 
system. At relatively higher doses, the increase in gel content is marginal due 
to the less number of sites available for crosslinking. With increasing 
irradiation, the ratio of gel fraction increased [140]. The increase in gel 
fraction with irradiation is due to the formation of a three dimensional 
network structure. 

Table (6): Gel content data of unirradiated DR/PP at different compositions and 
irradiated DR/PP (75/25) blend exposed to various gamma radiation doses 

 
 

Sample Composition 
wt%  

Dose 
(kGy) 

Gel fraction % 

DR/PP  (100/0) 0 84.6 

 
 

DR/PP (75/25)  
 

0 87.3 
25 91.3 
50 88.3 
75 90.4 
150 89.6 

DR/PP (50/50) 0 93.4 
DR/PP (25/75) 0 97.2 
DR/PP (0/100)  0 100 
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4.1.2.2. Fourier Transform Infrared Spectroscopy (FTIR) 

      In Fig.4 the spectrum of PP shows strong absorbance peak around 2920 cm–1 
associated with the C–H asymmetric stretching.�The absorption beak at 2725 cm-1 
could be assigned to PP skeleton characteristics, the peak at 1456 cm-1 to the 
asymmetry stretching vibration of CH3, that at 1376 cm-1 to the symmetry bending 
vibration of CH3 and those at 1168, 975, 876, and 838 cm-1 to vibration of the 
rocking of CH3, -CH2 and the stretching of CH-CH 2 and CH-CH3, respectively.  

     Fig. 4 shows the FTIR spectra of DR/PP blends. The peak at 3261 cm-1 is 
due to the -CH stretching vibration of hydrogens present in the styrene ring 
group.  The peak at 2944 cm-1 corresponds to –CH symmetric stretching in 
the CH2 groups.  The  presence  of  unsaturation  sites in the isoprene  units  
has  been  confirmed  from  the  peak  at 1610 cm-1,  which  is  referred  to  
the  C=C  groups.  The peaks at 1129 and 830 cm-1 represent –C-C– 
stretching in the –C-CH3 group and ring  deformation  vibration  of  styrene, 
respectively.  These peak assignments confirm that rubber powder used in 
this study is a blend of natural rubber/styrene butadiene rubber. It can be 
noted that disappearance of the PP recorded peak at 2920 cm-1 emphasizes the 
interaction between the blend phases. Rubber carbon black contents may 
probably be indicated by the peaks at 1717 and 1515 cm-1 that may be ascribed to 
the stretching of C=O and C=C in the  lactone ring. Also, the peak at 3601 cm-1 
may be assigned to the stretching of –OH in the phenolic groups.    

      FTIR studies were also performed on the samples exposed to different 
gamma radiation doses; Fig.5 shows a steady increase in the intensity of the 
band at1790 cm-1 indicating the formation of ketonic and aldehydic carbonyl 
groups as a result of oxidation processes. In addition, the band appearing 
between 3450-3000 cm-1 may be accounted for hydroperoxides that 
presumably result from the interaction of the present oxygen molecules with 
the free radicals trapped in the matrix.  These reactions are strongly 
controlled by the rate of di��usion of oxygen into the polymer [114].  
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Fig. (4): FTIR spectra of  DR/PP blends of different compositions
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Fig.(5): FTIR spectra of  DR/PP(75/25)  blends irradiated with various gamma 

             irradiation doses
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4.1.2.3. Mechanical measurements  

     It was found that the mechanical behavior depends highly on the 
concentration of DR. In DR/PP (25/75) blends, at a relatively low rubber 
content, the elastomer phase remains as dispersed particles. Fig.6 shows 
the variation in the tensile strength of the blends at different PP starting 
from 75% to 100% DR feed ratios and radiation doses. The tensile 
properties are strongly damaged by the incorporation of DR in PP 
proportionally with the DR content up to 75%. At high concentrations of DR 
the poorly distributed DR tends to promote a high particle–particle 
interaction among the DR matrix, which eventually contributes to a poor 
transfer of stress as well as a weak resistance to stress [85, 141], Also, the 
tensile strength decreased, might be attributed to the only slight decrements 
in crystallinity with an increasing degree of DR, and to the increased 
incompatibility through the increased viscosity ratio difference between PP 
and DR. Yet, it is quite surprising that only a small difference in crystallinity 
(if any) could result in the pronounced difference in tensile strength. 
However, increased with radiation dose up to 50 KGy then decreased, i.e. the 
complete crosslinking occurs around this dose. At higher crosslink density 
the network is so dense that there is little energy dissipation in the matrix 
and the energy supplied is utilized for breaking the bonds [91]. In addition, 
the SBR present ratio serves as radiation protective that delays PP 
degradation beyond 50 kGy.  
  
     Fig.7 shows the variation of elongation % at break (Eb) with DR loading 
up to 100%. Eb values increased with increasing DR loading up to 75 wt %, 
beyond which obvious trend towards decrease was recorded. This can be 
explained on the fact that increase in DR�surface area escalates the interaction 
with the PP matrix. Furthermore, excess particles and other ingredients in DR 
limit the flow and mobility of the DR/PP blend [141]. Thus, further addition of 
DR weakens the matrix uniformity, and hence reduces Eb values.   As dose 
increases and at higher radiation-induced crosslink density the segments of macro-
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molecules become immobile, i.e.  the system becomes stiffer and the elasticity 
decreases.    
 
     In comparison with the mechanical properties reported for WR/PP blends 
[94], at a composition of 50% WR the obtained tensile value was 7.2MPa, 
the respective for 50% DR was 11.3 MPa, i.e. nearly 50% improvement. In 
addition, the chemical modification applied for the former system raised the 
tensile parameter up to 8 MPa, whereas irradiation of the latter system led to 
an enhancement of nearly 75%, i.e. 14 MPa.    

      Fig.8 shows the variation of hardness of DR/PP blends as a function of 
dose. A large decrease in hardness was observed with increasing DR up 
to100%. This can be understood in terms of the decreased particle-to-particle 
interaction among DR moiety. Apparently, this decrease in hardness is due to 
the ineffective volume of DR in which the particles are unclosing packed in 
aggregates.  However, it can be seen that the value of hardness increased with 
respect to the unirradiated blends by increasing radiation dose up to 50 kGy 
then decreased.  Irradiated PP exhibits a 1.6 scission ratio for every crosslinking 
formed, whereas the consumption of unsaturated groups during low dose 
irradiation (<10 kGy) is related to slight crosslinking [127].  
 
4.1.2.4. Differential scanning calorimetry (DSC) 

     The Differential Scanning calorimetry (DSC) scans were used to evaluate 
the effects of different composition and gamma-rays on the DR/PP blends. 
Fig.9 displays the melting endotherms of unirradiated DR blended with pure 
PP at different compositions up to 75% DR. One can see that there are two 
melting peaks at about 143.9 oC and 161.4oC corresponding to the 
characteristic peaks of � -phase and � -phase of PP, respectively. Whereby, the 
incorporation of DR resulted in gradual disappearance of the former peak and 
the reduction of the latter suggesting the role played by DR in improving the 
thermal stability of the system.  
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Fig(6) : Tensile strength at different compositions of DR/PP blends with various 
            gamma radiation doses. 
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Fig(7): Elongation at break at different compositions of DR/PP blends exposed to 
        various gamma radiation doses. 
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       Meanwhile, the reduction in the former peak can be accounted for the 
occurrence of area arrangement process that takes place in the matrix by the 
increase in the feed ratio of DR. The phenomenon formerly elaborated on the 
fact that the elastomer has less ordered structure than that of the 
thermoplastic. The inclusion of the more flexible elastomer phase could 
disturb the packing of plastic chains [143]. The changes in Tm and reflect the 
interference during the formation of the crystalline part of PP. It would be 
attributed to the presence of DR that would interfere with the crystallization 
of PP. It may mean that some crystalline regions of PP are destroyed due to 
the interference in the form of reclaim molecular  

      With regard to the irradiated samples, Fig.10 represent irradiated DR/PP 
(75/25), it can be seen that the melting temperature decreases with dose. 
Irradiation causes a decrease in length of the macro-molecular chains, 
crosslinking and other modifications in the PP crystalline structure. This 
degradation mechanism is accentuated by the presence of air. Also, structural 
defects are formed by branching; these defects in the crystalline PP phase are 
caused by irradiation and/or by more intense interactions between PP matrix 
and the elastic DR phase as an indirect result of irradiation [144].  Irradiation 
causes a decrease in number of tie molecules in amorphous regions and 
consequently weakens the interlamellar connections. These changes could 
lead to the structural rearrangements, to smaller and more defected 
crystallites with a probably smaller surface tension and reduction of crystals 
size.  
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Fig (8): Variation of hardness of different compositions of DR/PP blends exposed to 
              various gamma radiation doses.
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 Fig (9): DSC thermographs of unirradiated DR/PP blends at different concentrations 
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4.1.2.5. Wide angle X-ray diffraction (WAXD)  

       X-ray diffraction patterns obtained for films of pristine PP and its blends 
with DR at various compositions are depicted in Fig.11. The X-ray patterns 
reveal crystal peaks in all examined specimens. Generally, PP is represented 
by the � -monoclinic phase that appears at the diffraction angles 2�  of 14.1o, 
16.6 o, 18.1o and 21.8o. The mutual presence of the � -form at 21.1o tends to 
increase as elastomer % increase and hence a significant decrease of the 
content of crystalline phase takes place [145]. It can be seen that the 
maximum intensity of X-ray spectra for PP decreases with increasing the 
ratio of DR.  Also, the position of 2�  at the maximum intensities is shifted to 
higher values. This decrease in intensity may indicate that crystallinity ratio 
in PP polymer decreased and the orientation of molecules changed due to DR 
addition (amorphous component). On the other hand, the half width is nearly 
unchanged which indicates that the crystallite size unchanged [146]. 

Fig (10): DSC thermographs of DR/PP (75/25) wt % at various radiation doses
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     It can be seen from Table (7), represent crystalinity % of DR/PP blends 
with different composition that the crystallinity of the system decreases with 
increasing DR content. This indicates that the crystallisation behavior of the 
blends was affected by the presence of DR as rubber particles are present in 
the inter- and intra spherulitic region of the crystalline phase plastic. It can 
also be noted that interplanar distance of the crystal changed in the presence 
of DR particle. 

       Fig.12 exhibits the X-ray patterns of the DR/PP (75/25) blend at varying 
gamma radiation dose. The alkyl radicals in the thermoplastics are formed in 
a heterogeneous spatial distribution due to the specific early excitation 
processes. The alkyl radicals are formed preferentially on the sites where 
conformational changes caused by stress occurred in the molecules. This is 
due to the greater density of spin states in the delocalized alkane cation. This 
increase/decrease  in  the  degree  of  crystallinity  becomes  more 
pronounced   with   the   increase   of   draw   ratio   and tautening  of  tie  
molecules.  Initially, irradiation induced the formation of monoclinic content 

Fig(11): X-ray patterns of unirradiated DR/PP blends at different compositions
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