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Abstract The purpose of this study was to determinate the

influence of the molecular crosslinking in the wear resis-

tance of a linear polyethylene (PE) sliding against a rough

steel surface. A set of PEs with different degrees of

crosslinks were obtained by chemical modification of a PE

with varying concentrations of organic peroxide. The

amount of gel, molecular weight between crosslinks (Mc),

crystallinity and Vickers microhardness were determined

in the crosslinked PE’s. The tribological performance of

the materials was evaluated under dry sliding conditions

using a block-on-ring tester. The coefficient of friction and

the wear rate were determined in experiments in which a

sample of polymer was contacted with the peripheral sur-

face of a steel ring rotating at constant velocity. The wear

resistance of the crosslinked materials increases with the

amount of gel and when Mc decreases. The crosslinked PE

showed a wear rate lower than the original PE when the

amount of gel was larger than 80 % of the total mass. The

coefficient of friction of the PE and crosslinked material

was about 0.2 regardless of the normal load applied. The

analysis of the worn surfaces by optical and SEM micro-

scopy reveals that the primary mechanism involved in wear

is abrasive wear.
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1 Introduction

Polyethylene (PE) is a widely used thermoplastic due to its

balanced physical and mechanical properties, good pro-

cessability and relatively low cost. Nevertheless, the PE’s

have relative low deformation and melting temperature that

limit its use. Molecular crosslinking is a method often

applied to upgrade the physical and mechanical properties

and to improve the thermal stability of PE’s [1–3]. Several

techniques based on chemical reactive processing or radi-

ation treatment were developed to crosslink PE’s, being

chemical attack by organic peroxides among the most used

in the industry as it can be carried out during the processing

stages in the molten state [1–3]. The O–O chemical groups

of the peroxide decompose at the processing temperatures

of the polymer to give oxy-radicals that subsequently

remove hydrogen atoms from the molecules producing

macro-radicals that may follow various chemical reactions

[1–3]. The macro-radicals can participate mainly in chain-

linking or chain-scission reactions, being the first the one

that prevail in the case of PE’s. It is well known that when

PE under goes mainly chain-linking the molar mass

increases with the concentration of the peroxide, until it

reaches infinitely large values. If the peroxide concentra-

tion increases even further, a molecular network or gel

starts forming. This phenomenon is called gelation and

signals the transition between the liquid- and solid-like

state. When the gel is formed, the material loses its ability

to flow and part of it becomes insoluble. After gelation,

some of the molecules are incorporated into the molecular

network while others remain in the soluble part. If the

peroxide concentration is increased above the gel point, the

gel fraction increases until almost all the material is

incorporated to the network [1–3].
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The properties of the crosslinked PE are determined by

the degree of modification of molecular structure below the

gel point, for example the average molecular weight and

branching, while at higher peroxide concentrations by

partition between soluble material and gel and the char-

acteristics of the molecular network. Several papers discuss

the improvement in some viscoelastic and tensile proper-

ties, thermal stability, resistance to stress cracking, to sol-

vents and aging [1, 4–10]. However, few studies address

the effect of peroxide crosslinks in relation to the wear

property of the resulting polymer. Most of the studies

dealing with tribological performance of peroxide-cross-

linked PE were performed on ultra-high-molecular weight

PE (UHMWPE) owing to the importance of this type of PE

for fabricating bearing components used mostly in medical

implants. There is agreement in that crosslinks help to

make UHMWPE more wear resistant [11–13].

For instance, McKellop et al. [11] found that a

UHMWPE crosslinked with 1 wt% of an organic peroxide

(Lupersol 130) shows a mean wear rate reduction of about

93 % compared to the unmodified polymer when tested

using a hip-joint simulator. Gul [14] analyzed the wear of

two different UHMWPE chemically crosslinked with var-

ious concentrations of organic peroxide (Varox 130) using

a bidirectional pin-on-disc wear tester, noting that the wear

rate decreases linearly with the increase in crosslink den-

sity. For example, a reduction of approximately 30 % in

molecular weight between crosslinks (Mc) resulted in a

decrease of 67 % in the wear of one of them, while 57 % in

the other. Yim et al. [15] reported that the wear resistance

of a UHMWPE chemically modified with 0.5 wt% of

dicumyl peroxide is 1.5 larger than the one corresponding

to the pristine PE. Additionally, the authors pointed out that

a correlation exists among wear rate and the ratio between

the maximum contact stress and the yield stress. Muratoglu

et al. [16] investigated the wear behavior of two different

peroxide-crosslinked UHMWPEs using a bidirectional pin-

on-disk wear tester. The authors found that the wear rate

decreases proportionally with the molecular weight

between crosslinks.

Studies on the tribological response of standard PEs

crosslinked with peroxides show conflicting results. Rose

et al. [17] performed ball-on-flat wear tests in which the

polymer was the flat surface; they found that the wear

resistance of HDPE could be improved by introducing

crosslinks. Unfortunately, the crosslinking procedure used

to modify the polymer and the parameters that characterize

the structure of the material were not given in the report. In

contrast, Kampouris and Andreopoulos [18] reported that

the wear resistance of peroxide-crosslinked PE sliding

against emery paper decreases with the gel amount. The

authors used peroxide concentrations as to produce a

maximum gel amount of 70–80 wt%. The wear resistance

of a material having gel content of about 70 wt% was half

of the pristine PE.

The few studies on the influence of crosslinking on the

wear resistance of PE modified with peroxide have pro-

vided valuable information, but it is necessary to conduct

additional studies on the subject since the results are

somewhat contradictory. In this paper we study the tri-

bological behavior of PE’s, whose crosslinked structure

was varied systematically, was evaluated by performing

dry sliding tests over a steel surface. Accordingly, a high-

density PE was modified with different concentration of

organic peroxide ranging from 0.04 to 3.5 wt%, to pro-

duce materials having a wide difference in the amount of

gel. The wear performance of the materials was evaluated

by conducting friction tests using a block-on-ring

machine under dry sliding conditions and at controlled

ambient temperature. The experimental setup utilizes the

friction between a polymer block, which is constantly

loaded against the peripheral surface of a steel disc that

rotates at constant speed. The wear rate was deducted

from the mass loss of the specimens related to the sliding

distance. The friction force was measured during the test

allowing estimating the coefficient of friction (COF). The

wear rate and the COF were analyzed in terms of

structural parameters such as the gel fraction and the

average molecular weight between crosslinks, as well as

in term of the crystallinity and the hardness. The worn

surface of the polymer and the steel ring surface were

examined using an optical microscope and a scanning

electron microscope to ascertain the wear mechanism that

takes place.

2 Experimental

2.1 Material and Modification Procedure

A high-density PE from Dow-Polisur SA was used that,

according to the producer, has a melt flow index of 0.38 g/

10 min (190 �C/5 kg). The polymer has a weight average

molecular weight of 98,000 g/mol, obtained by size

exclusion chromatography combined with light scattering.

The organic peroxide used as initiator of the crosslink-

ing reaction was 2,5-dimethyl-2,5-di(t-butyl peroxy) hex-

ane provided by Akzo Nobel Argentina. The peroxide

concentration ranged from 0.04 to 3.5 wt% based on the

polymer mass. The polymer in the form of powder was

mixed with different amounts of a solution of peroxide in

acetone to give the proper concentration of peroxide in the

polymer when the acetone is removed by evaporation. We

used this method of impregnation because previous work

showed that it produces an even and uniform dispersion of

the peroxide on the polymer bulk [9].
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The PE powder impregnated with the peroxide was

placed into a mold that consists of two metallic plates held

apart by a metallic frame of 3 mm thick and with an

opening of 10 cm 9 15 cm. All together were compressed

between the hot plates of a hydraulic press at 170 �C for

25 min. After this time has elapsed, the mold was removed

from the press and allowed to cool to room temperature.

The processing time was chosen based on results of pre-

vious work and is the time required to ensure complete

crosslinking reaction at the molding temperature [9]. Plates

of the pristine PE were also obtained by the same molding

procedure. The modified material is identified as PE#,

where # is a number associated to the concentration of

peroxide used to crosslink the PE. Thus, for instance,

PE250 identify the material obtained using a peroxide

concentration of 2.5 wt%.

2.2 Gel Content Measurements

The gel fraction of the crosslinked polymers was deter-

mined by extracting the soluble portion with hot xylene.

About 0.5 g of the modified polymer was placed into a

basket made from stainless steel mesh, which was

immersed in xylene at 125 �C for two periods of 8 h. Fresh

solvent was used in each extraction period, and nitrogen

gas was continuously bubbled into the solution to prevent

oxidation of the material. The samples were then dried

under vacuum until reaching constant weight, and the gel

fraction was estimated from the relationship between the

final and the initial mass of the sample.

2.3 Swelling Measurements

Swelling measurements were done on the crosslinked

polymer to obtain the molecular weight between crosslinks.

A fraction of the gel of each polymer was weighted and put

into xylene at 125 �C for 1 h. The amount of xylene in the

gel was measured by weighing the sample just after it was

removed from the solution. The molecular weight between

crosslinks (Mc) was calculated according to the Flory–

Rhener equation [19]:

M�1
c ¼ �Vr þ vV2

r þ ln 1� Vrð Þ
qpV0 V

1=3
r � Vr

2

� � ðg=mol)

Mc is the molar mass between crosslinks and Vr is the

volume fraction of polymer in the swollen gel

Vr ¼
1

qpMs

qsMp

� �
þ 1

where Mp is the weight of the dry gel, Ms is the weight of

the solvent taken up by the gel, qp = 0.806 g/cm3, density

of the polymer, qs = 0.761 g/cm3, density of the solvent;

v = 0.31, the solvent interaction parameter for PE swelled

in p-xylene, V0 = 139.3 cm3, the molar volume for xylene

[19]. The Mc value was not corrected by loose chain ends

present in the material.

2.4 Calorimetric Measurements

The degree of crystallinity of the polymers was determined

from the enthalpies of fusion measured in a Perkin Elmer

(DSC) PYRIS 1 system. The calorimeter was calibrated

using Indium as a standard. Specimens of about 8 mg of

each polymer were sealed in aluminum pans and heated

from 30 to 160 �C at a rate of 10 �C. The enthalpy of

fusion of each material was calculated from the area of the

endothermic peak, defined by drawing a straight line from

the onset to the end of the melting range. The degree of

crystallinity was estimated considering a value of 69 kcal/

kg for the fusion enthalpy of pure crystalline PE [20]. The

reported results for the crystallinity of the different PEs

correspond to an average of the values determined for at

least three samples of each polymer.

2.5 Hardness Measurements

The hardness of the samples was measured at room tem-

perature (22 ± 2 �C) using a Hanneman D32 microhard-

ness tester mounted on a Jena metallographic microscope

and fitted with a pyramidal Vicker’s tip of 136�. An

indentation load of 20.5 g was applied for 2 min, following

the suggestion made by Henderson and Wallance for

measuring hardness in crosslinked PE [21]. Immediately

after removing the load, the length of the diagonals of the

mark was measured with a resolution of 1 lm. The use of a

pyramidal indenter avoids complications due to the elastic

recovery of the indentation since the length of the diago-

nals remains practically unaltered during the recovery stage

[21]. The Vicker’s microhardness was calculated using the

standard relationship Hv = 1.854 P/d2, where P is the

applied load in kg and d is the average of the diagonal

lengths expressed in mm. The value of Hv reported cor-

responds to an average of at least 20 indentations per-

formed to each material.

2.6 Sliding Friction Test

The wear resistance of the materials was determined using

a block-on-ring tribometer in accordance with the standard

ASTM G77-06 under dry conditions and at the controlled

temperature of 20 ± 1 �C. A schematic representation of

the arrangement used for testing the materials is shown in

Fig. 1. A stationary polymer specimen was placed in

sliding contact with the peripheral surface of a steel ring of
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35 mm diameter and 8 mm thick. The outside edge of the

steel ring surface was machined to produce a surface

topography characterized by having five asperity peaks per

millimeter and an average surface roughness, Ra, of

14.7 lm, measured perpendicular to the sliding direction.

The polymeric specimens of size 18 mm 9 6 mm 9

3 mm were punched out from the molded plates.

The wear tests were performed using a velocity of the

rotation of the ring of 345 rpm, which corresponded to a

velocity of sliding of 0.63 m/s. Before each run, the steel

rings were cleaned thoroughly with acetone in an ultrasonic

bath and then allowed to dry at open air.

The sample holder was rigidly attached to a pivoted arm

that allowed loads to be applied to the sample by means of

a dead weight. A load of 10 N was applied to all materials,

while loads of 5, 15 or 20 N was also applied to some of

the materials. It is necessary to point out that the analysis

presented in this work was done taken the load as param-

eter instead of pressure, because this is not known with

precision due to the geometry used, and its value changes

constantly during the test when the wear proceeds.

The wear was estimated by measuring the mass loss by

the sample after running the test during 1 h (sliding dis-

tance of 2276 m) to ensure that it was carried out within the

steady-state region. The mass loss was determined by

weighing the specimens before and after the tests to an

accuracy of 1 9 10-4 g in a high-precision electronic

balance. The wear rate was defined as the mass loss nor-

malized by the sliding distance, and the value reported

were obtained by averaging the results of at least five runs.

During the test, the force of friction was measured by a

transducer mounted to the arm and recorded with a data

acquisition system. This allowed obtaining the COF

according to the standard ASTM G115.

The surface of the rings and the worn surface of the

polymers were observed by optical microscopy and scan-

ning electron microscopy (SEM) to assess the wear

processes involved. The surface of the materials was coated

with gold by vacuum evaporation technique and observed

using a SEM JEOL EVO 40-XVP.

3 Results and Discussion

3.1 Gel Content and Swelling Results

The HDPE was modified using concentrations of organic

peroxide from 0.04 to 3.5 wt%. The modification reactions

are assumed to proceed following the general scheme pro-

posed for free radical mechanism [3]. The peroxide

decomposes when it is exposed to heat, and alkoxy radicals

are formed. These radicals can remove hydrogen atoms

from the macromolecules to form macro-radicals that may

follow different reaction pathways; the main reaction is the

combination producing molecular crosslinks. The soluble

fraction and swelling measurements performed give

information about the gel content and the average molec-

ular weight between crosslinks by calculation using the

Flory–Rhener equation [19]. Table 1 summarized the

structural properties together with crystallinity and hard-

ness of the materials studied.

The evolution of gel with the peroxide concentration is

presented in Fig. 2. As can be observed, the material

remains soluble and no gel fraction could be detected when

the polymer was modified with a concentration of peroxide

of 0.04 wt%. Nevertheless, it is expected that the peroxide

attack produces a material with branched structure having

larger weight average molecular weight and broader

molecular weight distribution than the pristine PE [9]. A

rather small amount of gel (*2 wt%) was detected in

PE008 signaling the incipient formation of a molecular

network. Further increment in peroxide concentration

causes an increment in the amount of gel that reaches a

value close to 100 wt% when 1.5 wt% of peroxide was

used to modify the PE. At this peroxide concentration,

most of the molecules were incorporated into the network

and the soluble material is too low to be measurable.

Additional increment in peroxide concentration does not

seem to change the amount of gel that remains in about

100 wt%. These observations are in concordance with

results reported by other authors when cross linking linear

PE’s with organic peroxides [7, 18, 23]. In Fig. 2 it is also

included the molecular weight between crosslinks as a

function of the concentration of peroxide. It can be seen

that Mc decreases with the peroxide content indicating the

formation of a network with increasing crosslinking den-

sity. Mc reaches a value of about 1700 g/mol at peroxide

concentration of 2.5 wt% when the gel amounts

*100 wt% that indicates the formation of a highly dense

molecular network.

Fig. 1 Illustration of the block-on-ring assembly
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It has been considered that the junction of the molecular

network results from a combination of chemical crosslinks

and trapped physical entanglements. The last type of

junction may dominate the network as suggested by some

authors taking into consideration that the physical entan-

glements accounts for a large proportion of the network

junctions, about 2/3 of the total, in crosslinked PE [24].

This is consistent with that the Mc for materials having

*100 % of gel is close to the molecular weight between

entanglements 1200–1400 g/mol that is proposed for linear

PEs [25]. The Mc reaches a stable value, still seems to go

through a minimum, when the PE was modified with the

higher concentrations of peroxide. At this point, the

molecular network may impose restrictions to the mobility

of free radicals due to constraint in diffusion of molecular

segments that can hamper chain-linking reactions. In con-

sequence, the macro-radicals may be able to follow other

reaction pathways, for instance scission reactions that

might be responsible for the observable change in the

diminishing trend of Mc with the peroxide concentration.

3.2 Crystallinity and Vickers Microhardness

The thermal behavior of the PE and the modified material

was analyzed by calorimetry following the procedure pre-

sented in the experimental section. The thermograms

obtained for all the samples were characterized by a well-

defined endotherm of fusion. The modified polymers dis-

play a clear decay in the heat of fusion and a reduction in

the temperature of fusion with the peroxide content.

The crystallinity level as obtained from the heat of

fusion is presented in Table 1 and plotted against the per-

oxide concentration in Fig. 3. The decrease in crystallinity

with the amount of gel is observed in the figure, which is

Table 1 Parameters obtained from structural and mechanical characterization

Material Concentration of peroxide (wt%) Gel content (wt%) Mc (g/mol) Crystallinity (wt%) Hv (kg/mm2)

PE 0 0 – 55 3.8

PE04 0.04 0 – 54 3.5

PE08 0.08 *2 – 54 3.4

PE15 0.15 25 – 53 3.2

PE30 0.30 77 16,600 45 2.6

PE50 0.50 80 15,600 42 2.7

PE100 1.00 97 6800 41 2.4

PE150 1.50 *100 2300 38 1.9

PE250 2.50 *100 1700 40 2.1

PE350 3.50 *100 2200 44 2.1

Fig. 2 Gel content and molecular weight between crosslinks,Mc, as a

function of the peroxide concentration

Fig. 3 Crystallinity as a function of peroxide concentration
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expected to occur because the modification process

involves the fusion of the PE to induce chemical modifi-

cation which is followed by crystallization of a crosslinked

network. The formation of chain linkages as a consequence

of the peroxide attack reduces the sequence of crystalliz-

able chain segments and restricts its diffusion in the melt,

that in turn affects the reorganization and chain folding of

the polymer chains during the crystallization process

[26, 27]. As a result, the increment in the density of

crosslinks, or equivalently decreasing the molecular weight

between crosslinks, causes the formation of crystal with

smaller size and less perfect and reduces the crystallinity of

the polymer as the peroxide concentration increases. The

lower levels of crystallinity (38–40 %) were obtained when

the PE was modified with 1.5–2.5 wt% of peroxide and the

amount of gel is about 100 wt%. The results are in

agreement with earlier reports that found crystallinity level

of about 40 wt% when the gel attained is close to 90 wt%

after crosslinking linear PE with an organic peroxide [7].

The occurrence of some molecular chain scission at this

level of modification as commented above may be the

contributing factor for the small change in the crystallinity

trend observable at the highest concentrations of peroxide.

The molecular scission could favor the freedom of move-

ment of molecular segments that promote further

crystallization.

The variation of microhardness with the crystallinity is

shown in Fig. 4. The line in the figure was drawn just to

signal trend. It can be seen that the hardness shows a ten-

dency to increases with increasing crystallinity level. Pre-

vious studies involving PEs have observed a similar

relationship between hardness and crystallinity, although

direct proportionality between them is not observed over a

wide range of crystallinity [28–30].

3.3 Tribological Behavior

Preliminary experiments showed that the wear rate and

COF measured for a given material varied appreciably after

performing consecutive trials using the same ring. As

illustrative example, Fig. 5 includes the wear rate and COF

measured for PE008 as function of the number of trials. It

can be observed that the values of these properties decrease

continuously up to the fourth trial after which they level

off. A similar behavior was observed for all the materials.

Examination of the contact surface of the steel ring with

an optical microscope reveals that the topography of the

surface is altered after the first consecutive tests. As

illustrative example, Fig. 6 displays microphotographs of a

zone of the contact surface of the ring as seen before testing

(Fig. 6a) and after the ninth trial experiment (Fig. 6b). The

dark areas in the photography are the ridges, while the gray

ones are the valleys of the grooves produced after

machining the steel by a turning process. The arrows point

the crest of the ridges which appears as very light gray

areas in the photography. It can be observed a notable in-

crease in the size of these areas after performing the set of

experiments consecutively. These changes indicate that the

asperity of the grooves becomes smoother and flatter after

testing. Other authors have reported that PE rubbing

against a steel surface produces a smoothing of the metal

surface which reduces wear of the polymer [22].

Thus, the large variation in the wear rate and COF

observed after the first trials can be ascribed to the modi-

fication of the surface of the steel. After the fourth or fifth

round, the topography of the metal surface does not seem

subject to change; at least detectable with a light

Fig. 4 Vickers microhardness as a function of crystallinity

Fig. 5 Wear rate and COF as a function of the number of trials for

PE-008
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microscope, which may explain that the tribological

properties do not change significantly in value as shown in

Fig. 5. Taken into account this observation, the values of

the properties reported here correspond to an average of at

least five independent measurements, which were per-

formed after making five consecutive tests using the same

ring each time.

The wear rate as a function of the peroxide concentra-

tion evaluated at load of 10 N is shown in Fig. 7.

In this figure it can be seen that the wear rate increases

rapidly with the peroxide concentration up to a concen-

tration of 0.08 wt%, PE008 shows a wear rate about three

times larger than PE. Further increment in peroxide con-

centration produces a monotonic decrease in wear rate.

The wear rate of PE is consistent with the wear results

reported by Trevor for linear PE of equivalent molecular

weight that was measured in abrasive conditions although

under somewhat different conditions than the one used here

[31]. The reduction in wear resistance observable in the

PEs modified with the lowest peroxide doses is contrary to

what is expected taken into account the different factors

that play some role in the wear behavior of PE. It has been

reported that an increases in the molecular weight and a

decreases in crystallinity can result in a decrease in wear of

PEs [31, 32]. However, our results indicate that the wear

rate increases when the crystallinity slightly decreases as

can be deducted from the results present in Table 1. In

addition, from previous studies it is known that the

molecular weight of the modified PE increases with per-

oxide concentration until the critical concentration of gel

formation is reached [9, 10].

The higher wear resistance of PE relative to those

material crosslinked with the lower concentrations of per-

oxide can be explained at least in part by considering the

effect that has the transference of material to the counter-

face on the wear of polymers. It is known that wear of

linear PE sliding over steel surface generally decreases if

the sliding occurs repeatedly over the same contact surface,

which is linked to the transfer of a thin film of polymer

over the metallic surface [32–34]. When PE was tested,

there was evidence of the formation of a deposit of material

on the metal surface, while this was not observed in any of

the crosslinked PE. Figure 8 shows SEM images of the

steel surfaces that were involved in rubbing against PE. In

Fig. 8a it is possible to identify material occlude in

grooves, whereas the light gray areas in Fig. 8b correspond

to material deposited irregularly on the steel surface.

This deposited material on the metallic counterface may

provide some protection to the PE from the harsh rough-

ness of the steel surface. In the case of crosslinked poly-

mers, not transfer material to the metal surface was

detected, indicating that this phenomenon does not occur or

that the transferred material does not adhere firmly to the

surface to survive after repeated sliding. The molecular

crosslinks seem to hamper the transference of material to

the counterface in the crosslinked PE’s.

In addition to the material transfer to the counterface,

the molecular orientation that occur in surface regions

along the sliding direction is considered responsible for

improving the wear resistance of linear PE, whereas this is

adversely affected when such orientation is limited [34].

On this respect, it is worth to mention that the higher wear

resistance recognizable in linear PE relative to the low-

density counterparts has been linked to the branched

molecular structure of the latter, which limits molecular

Fig. 6 Top view of a zone of surface of the steel ring obtained with

an optical microscope: a before testing and b after the ninth trials

Fig. 7 Wear rate as a function of peroxide concentration
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orientation near the contact surface. Previous studies

showed that when a linear PE is modified with concen-

trations of peroxide lower than the one required to form a

gel, the molecular weight of the polymer increases while a

fraction of the molecules acquires a complex branched

structure [9, 10]. It was found that these structural changes

affect the mechanical response to tensile forces of the

polymers, for example, the drawability of the material

decreases with increasing peroxide concentration [9, 10].

Thus, the reduction in wear resistance that occurs at the

lowest peroxide concentration may also be related to the

presence of long-chain-branched structure in the material

that limits the molecular orientation that may occur at the

contact surface layer.

Returning to the analysis of data results presented in

Fig. 7, it can be observed in the figure that when the

concentration of peroxide exceeds 0.08 wt%, the wear rate

diminishes continuously with the concentration of perox-

ide. Materials modified with concentrations of peroxide

[0.5 wt%, wear less than the original PE, being PE250,

the material obtained by crosslinking PE with 2.5 wt% de

peroxide, the one with the largest wear resistance, which is

about ten times greater than that of PE. It is interesting to

note that the wear rate of PE250 is comparable in magni-

tude to the value of the wear rate reported for some

UHMWPE’s obtained under rather different conditions of

sliding friction [35–37]. The wear rate does not seem to

vary significantly when the concentration of peroxide

increases over 2.5 wt%.

The trend of the wear with the peroxide concentration of

crosslinked PE contrasts with the results reported by

Kampouris and Andreopoulos [18]. They found that the

wear resistance of crosslinked PE increases with the

amount of gel by rubbing the polymers against sandpaper,

the maximum amount of gel achieved in these cases was

70 % by weight. However, our results are consistent with

these authors in the fact that the wear resistance of the

crosslinked PE is lower than the original PE when the

amount of gel in the material is B70 wt%.

The lower wear resistance of crosslinked PEs with

respect to the starting PE has also been observed by other

authors. For instance, Shen and Dumbleton [4] examined

the wear of a set of UHMWPE crosslinked with gamma ray

with doses up to 1000 Mrad by means of a thrust washer

wear test. At normal loads below the critical one to produce

a sharp increase in wear, wear decreases with either radi-

ation dose or the amount of gel, but the irradiated samples

show higher wear rate than the original PE. The authors

proposed that material transfer and hardness are the two

competing factors in determining the wear behavior of the

materials [4]. Inhibition of the formation of a transfer film

on the contact surface was considered by the authors as

causing the lower wear rate in crosslinked PE, while the

increase in hardness with the degree of crosslinking could

explain the tendency of a declining rate of wear with doses

in irradiated PE [4].

The crosslinked PE analyzed here shows a decreasing

trend of the hardness with the concentration of peroxide,

see Table 1. Therefore, the difference in hardness values

between the materials does not seem to be useful to explain

the wear trend with the peroxide concentration. However, it

should be noted that by the effect of friction, the temper-

ature in the surface layers of polymer may be greater than

the temperature of the environment in which the tests were

performed, which could lead the material to be softer.

Some evidence of surface heating was obtained by analysis

of the worn surfaces as will be shown later. Thus, the actual

hardness of the material in contact with the steel surface

might be lower than the values reported in Table 1, as these

were measured at room temperature (22 ± 2 �C). On this

basis, it can be speculated that the material near the contact

surface might acquire rubber-like characteristics during the

test and its properties become less influenced by the crys-

tallinity. It is plausible that the material acquired a rubber-

Fig. 8 SEM micrographs of the steel counterface after testing PE: a 9800, b 97000
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like characteristics in which case an increment in the

hardness with the degree of crosslinking can be expected,

as it happens in the case of rubber-like materials. Thus, the

observed diminishing trend of the wear with the concen-

tration of peroxide or gel amount might be justified.

For elastomeric material, the molecular weight between

crosslinking, Mc is one of the molecular parameter that

determines mechanical properties. For instance, when Mc

decreases, the elastic modulus and the hardness increases

while the maximum elongation decreases. Therefore, we

have tried to correlate Mc with the wear rate. In Fig. 9 the

wear rate is plotted as a function of Mc.

A correlation between wear rate and Mc for crosslinked

PEs was already put forward by Gul [14] and Muratoglu

et al. [16]. These authors studied the wear behavior of

UHMWPE’s crosslinked by organic peroxide, carrying out

pin-on-disk wear experiments under bidirectional motion

using serum as the lubricating medium. The cited authors

reported that the wear of the materials decreases with

peroxide concentration from the value corresponding to the

original PE, and that a linear relationship exists between

Mc and wear rate. The dashed line on the graph in Fig. 9

represents the best fit of the data using a linear regression.

It can be seen that the data does not adhere well to a linear

relationship as suggested. But, it has to be taken into

account that the test setup used by us is very different to

that used by Gul [14] and Muratoglu et al. [16]. In addition,

our Mc data cover a wider range than those reported by

them, which goes from about 10,000 to 5000 g/mol. Nev-

ertheless, the results presented here are similar to those

found by Gul [14] and Muratoglu et al. [16] in which a

decrease of approximately 28 % in the value ofMc causes a

diminution in the wear rate of about 74 %, while, in our

case, the wear rate decreases about 86 % when Mc is

reduced in about 25 % (values obtained by comparing data

for PE150 and PE250).

To further extend the study, some of the materials were

tested using normal loads of 15 or 20 N. Figure 10 shows

the wear rate as a function of normal load for: PE; PE008,

the material with an incipient molecular network; PE050

and PE100, materials with 80 and 97 wt% of gel, respec-

tively; and PE250, which has about 100 wt% of gel. It can

be seen in Fig. 10 that the wear of PE and PE250 does not

seem to be noticeable affected by changes in the normal

load. On the other hand, the load seems to affect the wear

process of PE008, PE050 and PE100 as the wear rate of

those material shows a decreasing trend with the load.

PE008 displays the greatest decrease in wear rate being the

wear higher than the original PE at all loads.

The worn surfaces of the PE’s were examined by SEM

in order to evaluate the wear mechanisms involved. Fig-

ure 11 shows images of worn surfaces of PE, PE008 and

PE250 that were chosen as illustrative examples. The

analysis of the topography of the worn surfaces reveals that

abrasion is the main phenomena that occurs in all the cases,

where scratching, tearing and wavelike formation are vis-

ible. When the materials were tested with 10 N, parallel

deep furrows can be seen on the surfaces along the

abrading direction, Fig. 11a–c, which are due to the plow

action of the hard asperities of the steel counterbody sur-

face. In the case of PE008 and PE250, Fig. 11b, c,

respectively, there is evidence of material plastically

deformed displaced sideways of the furrows in the form of

more or less elongated strings attached to the surface.

Additionally, scratches promoted by cutting are noticeable.

In the case of PE250, Fig. 11c, the surface damage is in the

Fig. 9 Wear rate as a function of Mc

Fig. 10 Wear rate as a function of normal load for PE and some of

the crosslinked PE’s
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form of a more or less periodic parallel tears pattern in the

direction of motion.

Scratches and a wavelike pattern can be noticed on the

surface of the samples tested with 15 N, photography in

Fig. 11d–f. The wavelike abrasion pattern observed in the

worm surfaces resembles the Schallamach waves, which is

a characteristic damage observed in worn surfaces of rub-

bery materials [34]. One possible explanation for the

occurrence of this phenomenon is that friction may pro-

mote an increase in temperature during the test, softening

the polymer surface and resulting in the generation of a

periodic tear which is possibly caused by fatigue. The

characteristics of the worn surface of PE and PE 250 are

similar to those produced when these materials were tested

with 10 N, indicating that the load does not seem to affect

the wear mechanism in accordance with the insensitivity of

the wear rate to changes in load. On the other hand, it is

notorious the difference in the topography between the

worn surfaces resulting after testing PE008 with 10 and

15 N. All these features suggest that the complex

Fig. 11 SEM micrograph of the worn surfaces. Sliding direction parallel to the horizontal. a PE–10 N, b PE008—10 N, c PE250—10 N,

d PE—15 N, e PE008—15 N and f PE250—15 N
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mechanism of wear shown by PE008 is changing with the

load, which is a possible reason for the downward trend in

the rate of wear with the load shown by this material.

The values of the COF are presented in Table 2. The

friction coefficient measured for PE falls in the range of

values reported for this parameter, between 0.13 and 0.25,

for the friction pair steel-PE [37–40]. In general, the results

show that the COF of PE is slightly lower than those of the

crosslinked PE’s when they are compared at a given load,

and no significant difference in the friction coefficient

between the crosslinked PE’s is evident. The lower friction

coefficients of PE can be attributed to the transferred

material on the counterpart metallic during the friction test.

The deposition of material was negligible small in the

crosslinked PE’s. The load does not seem to affect

noticeably the friction coefficient of the materials.

4 Conclusion

In this study, a set of crosslinked PE’s were synthesized by

crosslinking a linear PE with the aim of evaluating the

influence of the molecular network on the wear resistance

of the materials when sliding against a rough steel surface.

From this, the following conclusions can be drawn:

• The molecular crosslink increases with the concentra-

tion of peroxide distinguished as an increment in the gel

and a reduction in the molecular weight between

crosslinks. Fully crosslinked materials, with about

100 wt% of gel, were obtained at the largest peroxide

concentrations. The Vickers microhardness increase

monotonically with crystallinity. However, it was not

possible to establish a direct correlation between the

wear of the crosslinked material with either the

crystallinity or the hardness.

• The wear rate of crosslinked PE’s decreases with the

concentration of peroxide, that is, with increasing the

gel amount and decreasing the molecular weight

between crosslinks. When the amount of gel reaches

a value larger than 80 % of the total mass, there are no

significant differences in wear resistance between the

PEs. Therefore, such high crosslink level is needed to

obtain materials with wear resistance greater than the

original PE. The crosslinks of PE slightly increases the

COF of the material, but this parameter does not appear

to be affected by the degree of crosslinking because the

crosslinked materials showed similar values of friction

coefficient.

• The wear and friction of the PE are dominated by the

deposition of material on the steel counterface, while

the crosslinks produced in the molecular structure of PE

hamper the formation of a stable material deposit and

transfer to the counterface. On the polymers worn

surfaces, the more frequent surface morphologies due

to abrasion damage were scratching, tearing and

wavelike formation.
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