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Abstract In this study water soluble sodium car-

boxymethyl cellulose (CMC) was blended with high den-

sity polyethylene (HDPE) by peroxide-initiated melt

compounding technique. The compatibility of the blended

polymers were carried out by silane crosslinking agent. A

series of blends were prepared by varying the CMC con-

tents up to a maximum of 50 phr. The physical properties

of non-crosslinked and crosslinked blends were investi-

gated in detail. FTIR analysis of crosslinked blend con-

firmed the presence of Si–O–Si and Si–O–C absorption

peaks at 1050 and 1159 cm-1. Thermal stability of cross-

linked blends improved as compared to its non-crosslinked

congener. Rheological study of crosslinked blends illus-

trated high complex viscosity and dynamic shear storage

modulus. The tensile strength of virgin polyethylene was

8.1 MPa whereas the maximum tensile strength of

19.6 MPa was observed in crosslinked blend. Similarly

lower deformation was observed in crosslinked blends

under static load. Scanning electron microscopy of cross-

linked formulations also showed strong adhesion between

the polymers interface. The compatibility of HDPE and

CMC is attributed to both free radical and condensation

reactions.

Keywords Polyethylene � Carboxymethyl cellulose �
Blend � Melt rheology � Silane � Crosslinking

Introduction

Polyethylene has many uses in our daily life and its uti-

lization is continuously growing. It is widely used for short

term applications such as packaging film, construction,

healthcare, agricultural, automobile and are disposed off at

dump places as waste. Polyethylene is very resistant to

biodegradation and its complete degradation takes several

years and the environment suffers long term pollution [1].

Although recycling of polymeric waste is a better solution

but it is very costly. Moreover, the recycled products have

poor properties but still acceptable for many uses. [2].

Many synthetic biodegradable polymers such as poly-

lactic acid [3] and polycaprolactone [4] were developed

and commercialized but they were very costly with

restricted shelf life. Alternatively, polymer blends and

composites containing natural polymers as biodegradable

additives (such as chitosan, starch, cellulose and their

derivatives) were developed [5, 6]. These composites are

easily processed and commercialized. The major disad-

vantage of bio-polymers addition into synthetic polymers

are their compatibility. Most of synthetic polymers are

hydrophobic whereas, majority of the natural polymers are

hydrophilic in nature except lignin and some other poly-

mers. The resultant blend of two different types of poly-

mers is nearly immiscible. The poor interaction between

the blended components causes weaker mechanical prop-

ertie [7]. In order to improve the interaction, modifications
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of both natural and synthetic polymer have been made

[8–11].

Sodium carboxymethyl cellulose is an important cellu-

lose derivatives with carboxymethyl groups bound to some

of the hydroxyl groups of the glucopyranose ring of the

cellulose backbone [12]. CMC has many useful properties,

such as water solubility [13], binding ability [14–17],

biodegradablity [18], disintegrant [19] and emulsifying

agent [20]. It has been used as an important additive to

improve the processing of value added products in various

industrial sectors such as cosmetics, food stuffs, pharma-

ceuticals, paper and textile industries [21].

In this article, CMC was blended with HDPE by melt

compounding technique. A melt, compatibilization of the

blended polymers was carried out by silane crosslinking

agent. This work primarily focused on the compatibility

and physical properties of HDPE/CMC blends in terms of

thermal stability, mechanical properties, melt rheology and

morphology. These blends have potential applications in

packaging industry.

Experimental

Materials

HDPE with melt flow index of 2.2 g/10 min at 190 �C
under 2.16 kg load supplied by Sigma Australia. Car-

boxymethyl cellulose is commercially available as white

granules. Its average molecular weight is 90,000 g/mol and

melting temperature is 274 �C. The auto-ignition temper-

ature of CMC is 698 �F. Carboxymethyl cellulose is

obtained from Sigma Aldrich, Australia. Vinyl tri-

ethoxysilane (VTES) are available in liquid form. The

boiling point of VTES is 160 �C. The densities of VTES at

25 �C is 0.903 g/mL. The purity of VTES is 98% and is

purchased from Sigma Aldrich, Australia. Dicumyl per-

oxide (DCP) was used as free radical initiator in this study.

The purity of DCP is 98% and its molecular weight is

270.37 g/mol. The melting point and density of DCP are

41 �C and 1.56 g/mL at 25 �C, respectively. It is supplied
by Sigma Aldrich, Australia. Technical grade of dibutyltin

dilaurate (DBTDL) was used as hydrolysis catalyst. Its

function is to facilitate the crosslinking reaction at 90 �C.
The molecular weight and density of DBTDL are 631.56

and 1.066 g/ml at 25 �C, respectively. Reagent grade

stearic acid having 95% purity was used as lubricant for the

better dispersion of filler/additives in the composite. The

melting point and boiling point of stearic acid are 72 and

361 �C, respectively. Both DBTDL and stearic acid is

provided by Sigma Aldrich, Australia. The chemicals were

used without further purification.

Sample Preparation

The CMC was dried in vacuum oven for 24 h at 80 �C. The
moisture content of CMC was measured using Sartorius

moisture analyzer. The moisture content before and after

drying the CMC was 13.7 and 3.1% respectively. A series

of HDPE/CMC blends with weight ratio of 100/0, 100/20,

100/30, 100/40, 100/50 were prepared using Brabender

internal mixer at 170 �C with rotor speed of 40 rpm

(Table 1). The optimum quantities of Stearic acid,

DBTDL, DCP and VTES were selected according to our

previous study [22]. For crosslinked blends, following

steps were taken. In all crosslinked formulations, fixed

amounts of dicumyl peroxide (DCP) (0.15 phr, part per

hundred parts of resin) and DBTDL (0.05 phr) were dis-

solved in dry acetone and were sprayed over HDPE pellets.

In order to remove acetone the HDPE pellets were dried at

60 �C in oven for 5 min. The DCP coated HDPE pellets

were mixed with CMC and stearic acid (0.3 phr) in internal

mixer for 3 min at (T = 130 �C, rotor speed = 33 rpm).

Fixed amount of VTES (2.8 phr) was added for 2 min to

the mixture during melting stage. For the next 7 min, the

temperature and the rotor speed were fixed at 170 �C and

40 rpm respectively. Finally, the blended material was heat

pressed into sheets at 170 �C under 50 kN load. The pre-

pared sheets were crosslinked in hot water at 90 ± 1 �C for

20 h. After crosslinking, the sheets were dried in vacuum

oven for 16 h at 70 �C.

Particle Size Distribution

Particles size distribution of CMC was calculated by

Malvern Instrument (SB.0D) using ethanol as dispersant

medium rather than water because CMC is soluble in

water.

Structural Analysis

The structure analysis of the blends was examined by

Fourier transform infrared spectroscopy (FTIR). The IR

spectra of the films were recorded by FTIR spectropho-

tometer (Thermo Electron Corporation, Nicolet 6700)

using attenuated total reflection technique. The spectrum

was scanned from 4000 to 500 cm-1 at the resolution of

6 cm-1. An average of 32 scans was recorded.

Thermogravimetric Analysis

The thermal stability of the samples was studied by using

thermogravimetric analysis. These experiments were per-

formed on a Mettler Toledo (TGA/DSC star system), under

nitrogen flow of 50 ml/min. Approximately 8–10 mg of
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sample was placed in the alumina pan at a heating rate of

10 �C/min from room temperature to 550 �C.

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) of the blended

material was performed using DSC Q2000 instrument. The

sampleswere cut into small pieces and*5 mgof each sample

was used for analysis. To remove the thermal history, the

samplewas heated from25 to 180 �Cand cooled to-50 �Cat

a cooling rate of 10 �C/minand then reheatedup to180 �Cat a

heating rate of 10 �C/min under nitrogen atmosphere.

Rheological Analysis

The time and temperature dependent storage modulus G0,
loss modulus G00 and complex viscosity (g*) were deter-

mined by Advance Rheometric Expansion System (ARES)

using parallel plate geometry having plate diameter of

25 mm. The specimens from the compression molded

sheets were cut according to the diameter of the plate. The

experiment was performed at 150 �C over the frequency

range of 0.05–100 rad/s. The gap between the plates was

automatically adjusted by the instrument.

Tensile Properties

The tensile properties were determined using an Instron

tensile tester (model 5543). The instrument was operated at

a crosshead speed of 50 mm min-1 using 5-kN static load

cell. The specimens were cut into dumb bell shape (Di-

mension; Type 4, Standard; ISO 37:1994) from a 1 mm

thick compression molded sheet. Five specimens from each

sample were tested.

Creep Test

The creep experiments were performed using DMTA IV

(Rheometric Scientific). The instrument was operated in

tensile mode at 60 �C. The dimensions of the specimens

were 1.4 mm 9 6 mm 9 25 mm. The constant static

stress of 2 MPa was applied for 5 h. Five specimens from

each sample were tested.

Morphological Analysis

Scanning electron microscope (Jeol, JSM, 6400F) was used

to investigate the morphology of the prepared samples.

Specimens were dried in vacuum oven for 24 h and then

freeze fractured using liquid nitrogen. Carbon fibers were

used to coat the fractured surfaces. The instrument was

operated at 10–15 kV. Energy dispersive spectroscopy

(EDS) was used to determine the elemental composition of

the specimens.

Result and Discussion

Mechanism of Silane Crosslinking

The mechanisms of silane grafting and crosslinking reac-

tions during and after processing are shown in Schemes 1

and 2. At 150–170 �C temperature, the free radical initia-

tor, dicumyl peroxide dissociates into peroxy radicals

[Scheme 1a]. These peroxy radicals then attach on C–H

bond of polyethylene chain and abstract hydrogen to give

polymer free radical [Scheme 1b]. The combination of free

radicals give radical induced crosslinking of polyethylene

chain [Scheme 1c]. The double bond of VTES which is

also susceptible for the radical attack was responsible for

the grafting of VTES on polyethylene backbone as shown

in Scheme 1d.

The silane crosslinking reactions of polyethylene were

carried out in boiling water. The first step during

crosslinking was the hydrolysis of the silane into the silanol

as shown in Scheme 2a. It has been reported in the litera-

ture that silane crosslinking reaction initiates during pro-

cessing [23] as CMC already contains some moisture,

Table 1 Formulations of

HDPE/CMC composites with

0.3 phr stearic acid

Sample code HDPE (Parts) CMC (phr) VTES (phr) DCP (phr) DBTDL (phr)

PE 100 – – – –

HC20 100 20 – – –

HC30 100 30 – – –

HC40 100 40 – – –

HC50 100 50 – – –

XPE 100 – 2.8 0.15 0.05

XHC20 100 20 2.8 0.15 0.05

XHC30 100 30 2.8 0.15 0.05

XHC40 100 40 2.8 0.15 0.05

XHC50 100 50 2.8 0.15 0.05
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which causes hydrolysis of alkoxy groups. The second step

was the condensation of the silanol groups of the grafted

polyethylene which is termed as self condensation reaction

[see Scheme 2b]. The silanol groups may also condense

with alkoxy group of CMC, thus, forming an ether linkage

which connects the polyethylene with CMC via siloxane

bond [Scheme 2c]. The presence of above-mentioned

linkages was confirmed by FTIR analysis [Sect. 3.3].

Particle Size Distribution

The particle size distribution of CMC is shown in Fig. 1.

The particle size varies approximately from 0.8 to 90 lm
and the average particle size is in the range of 8 lm to

40 lm. The particles with sizes between 0.8 and 3 lm
consist of less than 10% of the total volume. The particles

with size between 3 and 8 lm contribute 30% by volume,

whereas the particles with sizes between 8 and 40 lm
contribute 40% by volume.

Structural Analysis

Figure 2 shows FTIR spectra of virgin PE, non-crosslinked

(HC30) and crosslinked (XHC30) blends. The important

absorption peaks of siloxane appeared in the range of

800–1200 cm-1. The XHC30 showed characteristic

absorption peaks of (Si–O–Si) at 1050 and 1021 cm-1

[24, 25]. The symmetric vibration of (Si–O–Si) was also

observed at 812 cm-1 which was absent in the non-cross-

linked HC30 and virgin PE samples. The characteristic

absorption peaks of CMC were found in both non-cross-

linked and crosslinked formulations. The stretching fre-

quencies of carboxyl and hydroxyl group appeared at 1581

and 3390 cm-1, respectively. The important absorption

band appearing at 1159 cm-1 was assigned to Si–O–C,

which reflects the crosslinking reaction [26].

Thermogravimetric Analysis

Figure 3 shows weight loss of HDPE/CMC blends against

temperature and Table 2 summarize thermal degradation

temperature for major weight losses. The virgin PE and

XPE samples showed single stage of degradation in the

range of 410–500 �C. The silane crosslinked XPE exhib-

ited higher thermal stability than virgin PE. The thermo-

grams for non-crosslinked HDPE/CMC blends showed

three stages of degradation. The first stage ranging from 90

to 150 �C was attributed to the loss of water present in

CMC due to its hygroscopic nature. The second stage

ranging from 250 to 410 �C was due to thermal degrada-

tion of CMC. During this stage, dehydration, ring scission

and decomposition of the CMC occurred [27]. The third
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stage (ranging from 410 to 500 �C) was attributed to the

decomposition of HDPE as observed in case of virgin PE.

The crosslinked HDPE/CMC blends also showed three

stages of degradation. The first stage ranging from 90 to

150 �C was attributed to the loss of water for both non-

crosslinked and crosslinked blends. The second and third

stages of degradation were similar for the non-crosslinked

and crosslinked blends.

Table 2 shows weight loss and weight residues of non-

crosslinked and crosslinked blends at 150, 410 and 500 �C.

Si
OC2H5

C2H5O OC2H5

SiHO OH

SiHO OH

C2H5OH3

Si
OH

HO OH

SiHO OH

+

Si
OH

HO OH

Catalyst
(DBTDL)

3  H2O+

2

 H2O+O

SiHO OH

O

 ROH+

OH+

a)

b)

c)

O
CH2OR

OR

OR

H

HH

O

H

R=  CH2CO2H

Carboxymethyl Cellulose

O
CH2

OR

OR

H

HH

O

H

n n

n

n

n

n

n

n n

Scheme 2 Reactions during

crosslinking: hydrolysis (a), self
condensation of silanol moieties

(b), condensation of silanol with

OR group of carboxymethyl

cellulose (c)

Fig. 1 Particle size distribution of carboxymethyl cellulose
3500 3000 2500 2000 1500 1000 500

0.30

0.25

0.20

0.15

0.10

0.05

0.00

-0.05

1050

1159
1581

3390 1369
1021

916

812

(a)
(b)

(c)

Tr
an

sm
itt

an
ce

 (%
)

(a) PE
(b) HC30
(c) XHC30

Wave number (cm-1)

Fig. 2 FTIR spectra of HDPE/CMC blends

J Polym Environ (2017) 25:1011–1020 1015

123



At 150 �C, the moisture contents of both types of blends

were completely lost but comparatively the non-cross-

linked blends shows greater weight loss. The degradation

of virgin PE and crosslinked XPE was not observed at

150 �C. The decomposition of CMC started at 410 �C. The
major weight loss was observed for the non-crosslinked

blends HC30 and HC50, which are 18.4 and 13.4%,

respectively. At 410 �C, the crosslinked blends XHC30 and
XHC50 showed lower weight loss of 10 and 4.7%,

respectively. The minimum weight residue (3%) was

noticed for virgin PE and the maximum weight residue

(16%) was observed for XHC50 at 500 �C. This higher

percentage of weight residue of crosslinked blends are

mainly because of the compatibility between HDPE and

CMC due to both free radical and condensation reactions.

Differential Scanning Calorimetry

Table 3 shows melting temperature (Tm), heat of fusion

(DHf) and the percentage crystallinity of HDPE/CMC

blends. Almost no difference was observed among the Tm

values of non-crosslinked and crosslinked formulations but

the percentage crystallinity differed to an appreciable

extent. Comparatively, the crosslinked samples showed

lower crystallinity than the non-crosslinked samples. The

virgin PE has 63.4% crystallinity, whereas XHP has 61.7%

and the observed difference was 1.7%. Similarly, the per-

centage crystallinity of HC40 and HC50 were 41.8 and

41.1% while that of XHC40 and XHC50 were 40.4 and

39.2%, respectively. In this case, there is a total reduction

of 1.4 and 1.9%, respectively. As compared to PE, the

addition of 20 phr of CMC reduced its crystallinity from 63

to 52%, while at 40 and 50 phr CMC loading, same per-

centage of crystallinity was observed. The lowering of

percentage crystallinity for crosslinked formulations was

due to the formation of network structure [28]. The net-

work reduced the chain flexibility which reduced percent-

age crystallinity. Similar tendency has been previously

observed in thermoplastic wood blends [24].

Rheological Analysis

Figures 4 and 5 give the dynamic shear moduli of non-

crosslinked and crosslinked formulations at 150 �C and the

complex viscosities of these formulations are shown in

Fig. 6. In the case of non-crosslinked formulations (Fig. 4),

the G00 curves were observed at higher values than the G0

curves. This behavior was exhibited by blends having poor

interaction between the components interphase as the

components are weakly associated with each other. On the

other hand, an opposite behavior was observed for the

crosslinked formulations and now the G0 values were

higher than G00 which means a strong interaction between

the blended polymers interface. The components are

strongly associated to each other and reflect the elastic

nature of the material. In fact, the silane crosslinker con-

nected the blended polymers which enhanced the elastic

properties of these materials.

The second important rheological feature of both

crosslinked and non-crosslinked formulations was the

increase in G0 and G00 values with increase in frequency.

This was due to the fact that at low frequency, time is large

enough and the entangled chains relax slowly. This slow

relaxation tends to reduce the G0 and G00 values. However,
when the polymer chains were deformed at higher fre-

quency, the entangled chains have less time to relax back

which increases the moduli. This behavior was first

reported by Baghaei et al. [29] for the compatibilized

LDPE/POE blend.

The Figs. 4, 5 and 6 revealed that both the dynamic

shear moduli and the complex viscosities of the crosslinked

and the non-crosslinked formulations increased with

increasing amount of filler loading. The G00 values of non-

Fig. 3 TGA thermograms of HDPE/CMC blends

Table 2 Percentage weight loss and weight residue of HDPE/CMC

blends

Sample % Weight lossa % Weight lossb % Weight residuec

PE 0.0 0.0 3.0

XPE 0.0 0.0 6.6

HC30 2.2 18.4 8.1

XHC30 0.9 10.0 11.3

HC50 1.1 13.4 13.1

XHC50 0.2 4.7 16.0

a at 150 �C
b at 410 �C
c at 500 �C
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crosslinked formulations increased step-wise with increase

in CMC loading. The increase in G00 values with filler

loading corresponded to weak interaction between the

blended polymers interface. As CMC is hydrophilic and

polyethylene is hydrophobic in nature, therefore, the

resultant blends of these two polymers were immiscible.

This was the main factor which enhanced the G00 values at
different filler loadings in non-crosslinked formulations. In

Fig. 5, the silane crosslinked formulations show opposite

behavior. Instead of G00, G0 values gradually increased with

higher loadings. This behavior corresponds to strong

interaction between blended polymers interface due to

silane crosslinking.

Figure 6 shows complex viscosities of non-crosslinked

and crosslinked HDPE/CMC blends. The crosslinked

blends showed higher complex viscosities which were

attributed to the formation of network structure due to

silane crosslinking. The network structure causes greater

resistance to the applied stress.

The complex viscosity of both non-crosslinked and

crosslinked blends also depended upon the amount of filler.

At higher filler loading, higher g*values were observed for

both types of blends. Figure 6 shows that g* values were

also frequency dependent and decreased with increasing

operating frequency. This behavior is called shear thinning

effect in molten state [28].

Table 3 DSC analysis of

HDPE/CMC blends
Sample Tm (�C) DHf (J/g) Xc (%) Sample Tm (�C) DHf (J/g) Xc (%)

PE 130.3 184.1 63.4 XPE 129.8 179.1 61.7

HC20 129.7 151.5 52.2 XHC20 129.3 145.6 50.2

HC40 129.5 121.3 41.8 XHC40 129.1 117.3 40.4

HC50 129.5 119.4 41.1 XHC50 129.2 113.9 39.2

Fig. 4 Dynamic shear moduli (G0 and G00) of non-crosslinked HDPE/

CMC blends at 150 �C

Fig. 5 Dynamic shear moduli (G0 and G00) of crosslinked HDPE/

CMC blends at 150 �C

Fig. 6 Complex viscosities (g*) of HDPE/CMC blends at 150 �C

Table 4 Tensile properties of non-crosslinked and crosslinked blends

Samples TS (MPa) Eb (%) Samples TS (MPa) Eb (%)

PE 8.1 ± 1 403 ± 9 XPE 9.3 ± 0.5 336 ± 7

HC20 6.4 ± 3 13.0 ± 1 XHC20 16.1 ± 2 19.1 ± 2

HC30 7.3 ± 1 14.3 ± 2 XHC30 17.5 ± 3 12.2 ± 1

HC40 7.5 ± 3 10.5 ± 1 XHC40 19.6 ± 1 15.2 ± 3

HC50 6.9 ± 1 9.6 ± 2 XHC50 14.9 ± 1 11.7 ± 2
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Tensile Properties

Table 4 shows the tensile strength (TS) and elongation at

break (Eb) values of non-crosslinked and crosslinked blends.

It was observed that TS of crosslinked samples was much

higher than the non-crosslinked samples. The Eb values

showed adecreasing trend for both types of blends. The tensile

strength of virgin PE and XPE were 8.1 MPa and 9.3 MPa,

respectively. The tensile strength of XHP was increased up to

12.9%. Similarly, the XHC20 (16.1 MPa) showed 60.2%

enhancement as compared to HC20 (6.4 MPa). The maxi-

mum tensile strength was observed for XHC40 (19.6 MPa)

which was 61.7% greater than HC40 (7.5 MPa). In contrast,

TS of non-crosslinked and crosslinked blends showed a

decreasing trend at 50 phr CMC loading because at higher

filler loadings the interactive forces between hydrophobic and

hydrophilic chains become less effective. The higher TS of

XHC50 as compared to HC50 was attributed to the compati-

bility between the HDPE and CMC due to both free radical

and condensation reactions.

Both the non-crosslinked and crosslinked blends showed

decreasing trend ofEb values but this effect iswell-defined in

the non-crosslinked formulations. The maximum Eb value

was observed for XHC20 which is 19.1%, while HC20

showed 13.0%. The percentage elongation values decreased

with higher CMC loading. Thus, HC50 and XHC50 show

Fig. 7 Creep analysis of non-crosslinked and crosslinked HDPE/

CMC blends at 60 �C

Fig. 8 Scanning electron micrographs of HDPE/CMC blends: HC30 (a, b), XHC30 (c, d)
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minimum Eb values which are 9.6 and 11.7%, respectively.

This behavior is also reported in the literature [30, 31].

Creep Test

Figure 7 shows-short term creep test for both non-cross-

linked and crosslinked formulations. Short-term creep

experiments were carried out by dynamic thermal

mechanical analyzer (DTMA). The creep analysis was

carried at 60 �C for 5 h under the static mode.

The non-crosslinked blends showed greater deforma-

tion as compared to crosslinked blends. The virgin PE had

highest deformation as compared to XPE. It can be seen

that deformation of these blends decreased with increas-

ing amount of CMC loading. The least deformation was

observed for XHC50 and HC50. The crosslinked blends

showed minimum deformations, which is attributed to

both free radical and condensation reactions. The

crosslinking holds the macromolecular chains firmly

whereas, in non-crosslinked blends, the molecular chains

are free to move and the hydrophobic-hydrophilic inter-

actions between HDPE and CMC further facilitate this

phenomenon.

Morphological Analysis

Figure 8a, b shows SEM images of the fractured surfaces

of non-crosslinked (HC30) and crosslinked (XHC30)

blends. The particle size of CMC in non-crosslinked sam-

ple (HC30) is greater than 10 lm and is weakly bound to

the polyethylene. Wide gaps are visible between PE and

CMC interface, which indicates weak interaction that

caused lowering of mechanical properties. The crosslinked

formulation (XHC30) showed strong adhesion between the

polymers interface. This behavior was attributed to both

condensation and free radical reactions that firmly bound

the two immiscible components.

Conclusions

The physical properties of HDPE/CMC blends can be

greatly enhanced both by condensation and free radicals

reactions. These reactions were confirmed by FTIR anal-

ysis. These reactions were attributed to the thermal stability

and compatibility of the blends. The maximum tensile

strength of 19.6 MPa was observed for the crosslinked

blend having 40 phr CMC loading. Similarly, the com-

patibility and strong adhesion of blended polymers were

also observed in short term creep deformation.
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