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Abstract 

Alumina-toughened Zirconia (ATZ) was used as filler with the purpose to endow High Density 

Polyethylene (HDPE) with enhanced mechanical and wear properties, hence widening the application field 

of the polyolefin as biomaterial. Composites with ATZ percentages ranging between 2 and 12wt% were 

produced by melt extrusion followed by compression molding. A good filler dispersion was obtained for 

all the materials, despite the presence of few voids and agglomerates was observed at increasing ATZ 

loadings. The polymer crystallinity was enhanced by filler incorporation, particularly at higher 

percentages. The combination of high crystallinity and, mainly, lack of voids and agglomerates, appeared 

responsible for the improvement of Young modulus and mechanical strength. The filler positively affected 

the wear resistance of the composites under lubricated conditions. Indeed, under dry condition, the filler 

debris formation, arising from the poor interaction with the polymer matrix, resulted in an increase of the 

wear volume. Conversely, in the presence of water and fetal bovine serum, the layer adsorbed at the surface 

promoted an easy removal of the filler debris, hence then highlighting the positive effect of ATZ.  

 

1. Introduction 

High Density Polyethylene (HDPE) is one of the most used polymers in commodity markets, 

as it can be transformed by traditional extrusion, blow and injection molding processes. It is very 

cheap and shows high performance and service life in many applications, including airplane and 

automobiles interiors and medical devices. Bio-inertia and biocompatibility have awakened the 
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interest in such a polymer also in the biomedical field as implant for bone analogue replacement [1-

4]. After the pioneering work by Bonfield [4], several studies on hydroxyapatite (HA)/HDPE resulted 

in composites with mechanical properties and wear resistance unsuitable for major load bearing 

applications (bone replacement) [5,6]. These materials could be envisaged as replacement of minor 

load bearing applications such as orbital floor reconstruction (cheek bone) and otologic implants 

(middle ear drum) [7-9]. Other HDPE composites have been studied in the effort of improving the 

inorganic filler dispersion and interfacial adhesion with the polymer matrix for their applicability as 

joint/bone replacements. For example, alumina [10] and partially stabilized zirconia (PSZ) [11,12] 

have been used as partial replacement of hydroxyapatite in the HDPE/HA composites, showing an 

improvement of mechanical properties (fracture strength and fretting resistance) [10, 12], meanwhile 

preserving cell viability [11]. Also graphene oxide [13], carbon nanotubes (CNT) [14,15] and CNT 

with boron nitride nanoplatelets (BN) [16] have been used for successfully increasing mechanical 

properties and wear resistance.  

Alumina toughened zirconia (ATZ) can be considered as a possible reinforcement for HDPE 

in biomedical applications. As a bulky component, it is one of the most promising material thanks to 

its excellent mechanical and tribological properties [17], together with biocompatibility and 

bioactivity [18]. In our previous works, the addition of ATZ (up to 20 wt%) to Ultra High Molecular 

Weight Polyethylene (UHMWPE) turned out to be a promising way to enhance Young modulus, 

yield stress and hardness, without compromising the other mechanical parameters [19,20]. In this 

light, composites at different concentration of ATZ in HDPE were prepared by melt extrusion 

technique aiming at studying the influence of ATZ loading, distribution and dispersion on the 

mechanical behavior (dynamic-mechanical analysis, tensile and impact tests). Tribological 

investigation was also performed at 37°C (body temperature) under dry and lubricated conditions 

(both water and fetal bovine serum (FBS) as lubricants. Both positive and negative effects of powders 

on the wear properties of thermoplastic polymers have been reported so far, and there is no general 

agreement on the related wear mechanisms [10, 14, 15, 21-24]. Nevertheless, hard fillers as alumina, 
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silica and zirconia nanoparticles have demonstrated to increase the wear performance over their 

homopolymers [24, 25, 26]; in this context, the use of ATZ may represent a suitable solution also for 

increasing wear resistance of HDPE.  

A systematic study about the effect of the incorporation of ATZ particles into HDPE on the 

mechanical and tribological behavior of the resulting composites has not been reported yet. 

ATZ/HDPE composites may represent a new class of materials exhibiting peculiar features, suitable 

for different applications, specifically devoted to the biomedical sector. Besides, the ease of 

processability of proposed composites may overcome the difficulties encountered when UHMWPE 

matrices are considered. 

2 Materials and methods 

2.1 Materials and composite preparation 

HDPE (HOSTALEN GF 4750), with melt flow index of 0.4g/10min (190°C/2.16kg), was 

supplied by Lyondell – Basel. Alumina Toughened Zirconia (ATZ) (80 wt% 3Y‐ TZP and 20 wt% 

alumina. 3Y‐ TZP consists of 3 mol yttria‐ stabilized zirconia) was purchased from Tosoh. 

HDPE/ATZ composites were prepared in a twin screw extruder (DSM xplore Micro 15cc) at 190°C, 

5 minutes of mixing, 60 rpm of speed. Before the processing, ATZ was grinded and dried in a vacuum 

oven at 80°C for 2h. The mixing ratios of HDPE/ATZ (wt/wt) were 100/0, 99/1, 98/2, 97/3, 95/5, 

93/7 and 88/12. The extruded materials were compression molded using a Collin P200T press at 

210°C and 15 MPa for 2 minutes. A square shaped mold 100 × 100 mm and 0.5 mm thick was used. 

For wear resistance measurements, samples were compression molded into 12 mm cylindrical 

specimens at 25 MPa and 180°C for 15 minutes. 

2.2 Characterizations 

Scanning Electron microscopy (Zeiss Evo 50 XVP with LaB6 source) was employed for 

investigating the morphology of the ATZ powder and the ATZ dispersion and distribution within the 

polymer matrix. In the last case, the samples were fractured in liquid nitrogen and then pinned up to 

conductive adhesive tapes and gold-metallized. 
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The crystallinity degree (χc) of HDPE/ATZ composites was evaluated from the Wide Angle X-

ray powder diffraction patterns (WAXD), obtained by means of a PW3040/60 X'Pert PRO MPD 

diffractometer from PANalytical, working at 45 kV and 40 mA and using the Bragg–Brentano 

geometry (Source: High power ceramic tube PW3373/10 LFF with Cu anode). WAXD profiles were 

acquired using a Ni-filtered Cu Kα radiation (λ = 0.15418 nm) with a continuous scan of 0.04°/s (scan 

step size: 0.0167°; Time per step: 53 s) in the range 5-70°. χc was calculated as the ratio between the 

intensity of the polymer crystalline phase diffraction and the total diffraction intensity. The polymer 

crystalline phase intensity (Ic(PE)) was determined by subtracting the amorphous phase (IAM(PE)) and 

the ATZ contribution (Ic(ATZ)) from the total intensity (ITOT) of the diffraction spectrum. The profile 

of amorphous phase was approximated by using the profile recorded for an ethylene–propylene 

copolymer that contained 17.5 mol% of propylene and was synthesized by using a metallocene 

complex biphenyl cyclopentadienyl fluorenyl zirconium activated at 10°C with methylalumoxane 

(MAO). The ATZ contribution was estimated by performing WAXD analysis on the ATZ powder in 

the same conditions adopted for collecting the spectra of HDPE composites.  

The following equation (1) was used for the calculation of the crystallinity degree: 

𝑥𝑐 =
𝐼𝑐(𝑃𝐸)

𝐼𝑇𝑂𝑇−𝐼𝑐𝐴𝑇𝑍
*100                 (1) 

where Ic(PE) = ITOT – IAM(PE)−𝐼𝑐𝐴𝑇𝑍 and 𝐼𝑇𝑂𝑇 = 𝐼𝐴𝑀(𝑃𝐸) + 𝐼𝑐(𝑃𝐸) + 𝐼𝑐𝐴𝑇𝑍 

Dynamic-mechanical (DMTA) analyses were performed using a DMA Q800 (TA Instruments) in 

tensile configuration and in the 25 -100°C range. The heating rate was 3°C/min, the frequency 1 Hz 

and the oscillation amplitude in strain-controlled mode 0.05%. The storage modulus (E’), loss 

modulus (E”) and tanδ curve were obtained as the average of five experiments. 

The tensile properties were evaluated using an Instron 5966 tensile tester. The experiments were 

carried out at room temperature on the compression-molded samples, according to the standard test 

method ASTM D882; specimens were 0.5 mm thick and 5 mm wide. The elongation and strain at 

break and at yield were determined with constant deformation rate, then maintaining the v/L0 ratio 
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equal to 10 mm/(mm·min); (v = deformation rate and L0 = initial length of the specimen). The Young 

modulus E was measured at a constant rate, given from the ratio v/L0=0.1 mm/(mm·min). The mean 

values of the mechanical properties were averaged over at least five tests.  

The superstructural morphology of composites (useful for the interpretation of mechanical 

parameters) was observed in thin films prepared between microscope coverslips by melting the 

composite samples at 210 °C for 3 min and then cooling them at 20°C/min in order to reproduce the 

same quenching carried out under the press in a Linkam TP-91 hotstage. The samples were placed 

between crossed polarizers in a Zeiss MC-80 optical microscope equipped with a camera system. To 

enhance contrast and determine the sign of the spherulites, a λ wave plate was inserted between the 

polarizers. 

The impact behavior of composites was investigated at room temperature by means of a 

Zwick/Roell charpy impact tester. V-notched specimens with dimensions of 80 mm x 10 mm x 4 mm 

were prepared in accordance with ISO 179/1 standard. Four specimens were tested for each 

composition.  

Hardness was measured by a Classic Durometer (Sauter model), according to ASTM D2240 

standard to get the values on a Shore D scale. Five repetitions were carried out.   

Friction measurements were obtained by means of a CSEM High Temperature Tribometer in 

ball-on-disk configuration. A polished disk sample (Ra ~ 0.2-0.3 μm) was used as rotating material 

and an alumina ball of 6 mm in diameter with mirror finish surfaces (Ra ~ 0.05 mm) was used as the 

counterbody material. The tests were conducted at 37°C under 10 N load, radius of 5 mm, and 

duration of 25.000  cycles, in dry and lubricating conditions. 20 mL of water and calf bovine serum 

as simulated body fluid (SBF) were used. SBF was purchased from Sigma Aldrich (product F4135, 

with hemoglobin, ≤20 mg/dL), and diluted with 0.2% sodium azide (NaN3) to reduce bacterial 

degradation, and 20 mM EDTA to minimize the precipitation of calcium phosphate. Four specimens 

of each composition were tested. The contact load of 10 N in combination with alumina counterbody 

were used with the purpose to reproduce severe wear conditions. 

https://www.sigmaaldrich.com/catalog/product/sigma/f4135?lang=it&region=IT
https://www.sigmaaldrich.com/catalog/product/sigma/f4135?lang=it&region=IT
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After the wear tests, the topographical features of the wear scar were investigated by SEM. A 

golden layer of about10 nm was applied on the worn surface prior the analysis. 

The mean friction coefficient (COF) is the average value of the friction coefficient at the steady state. 

The standard deviation was considered as a friction stability parameter [27]. The wear depth and 

volume loss of the composites after the tribological test were measured by a contact profilometer 

(Form Talysurf 120), equipped with a 2 μm diamond conical stylus. The wear volume was calculated 

by integrating the surface area of each 2D profile (extracted from different locations on 3D profile) 

over distance. The estimated wear volume was normalized to the load to obtain specific wear rates 

(k) 

                                            𝑘 =
𝑉

𝑆𝐿
                                                     (2) 

where V (mm3) is the volume loss, S is the total sliding distance (m) and L is the applied load 

(N).  

Thermogravimetric analyses (TGA) were performed on about 10 mg of material in the range 

50 to 800 °C both in nitrogen and air (heating rate: 10 °C/min; gas flow: 25 ml/min), using a TA 

Discovery thermo balance (TA Instruments) (experimental error: ± 0.5% wt, ±1 °C). 

3. Results  

Figure 1 shows some typical SEM micrographs from cryogenically fractured surfaces of 

HDPE/ATZ 98/2, 95/5, 93/7 and 88/12 composites. All the images show finely and rather uniformly 

dispersed ATZ particles, considering that the size of the primary particles of ATZ is about 30 nm 

[19]. The agglomerates (usually below the micron size) become more evident at higher ATZ 

concentrations (i.e. for HDPE/ATZ 93/7 and 88/12 composites, shown as white arrows in Figure 1C 

and D). ATZ particles appear detached from the matrix, as indicated by  
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the presence of voids (white arrows in Figure 1E), suggesting a weak filler-polymer interface. 

  

The WAXD patterns, shown in Figure 2, indicate no significant variation in the crystalline 

structure of HDPE due to incorporation of ATZ. All the samples crystallize in the orthorhombic form 

of PE [28], as indicated by the presence of the 110, 200 and 020 reflections at 2θ = 21°, 24° and 36°, 

respectively. The most intense reflections of ATZ at 2θ = 30 and 50°, attributable to the 111 and 202 

crystallographic planes of the tetragonal) form of ZrO2 [19], are also visible. The crystallinity values 

  

  

 

 

Figure 1. SEM micrographs of fractured surfaces of (A) HDPE/ATZ 98/2; (B) HDPE/ATZ 

95/5, (C) HDPE/ATZ 93/7; (D) HDPE/ATZ 88/12 (E) HDPE/ATZ 93/7 at higher 

magnification.  

A B 

C D 

E 

10 µm 10 µm 

10 µm 10 µm 

5µm 
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of the composites (Table 1), are always higher than that of unfilled HDPE, suggesting that ATZ 

particles act as a heterogeneous nucleating site for crystallization. 

Fig. 3A, B and C show the storage modulus (E′), the loss modulus (E′′) and tanδ, respectively, 

as a function of temperature in the range 25 °C - 100 °C. The stiffness of the composites is always 

slightly higher than that of the unfilled polymer in the whole temperature range (Fig. 3A), proving 

the reinforcing effect exerted by ATZ. Analogously, the loss modulus (E′′) of the composites is higher 

than that of unfilled HDPE (Fig. 3B). Once again, this finding is an indication of poor interactions 

occurring  between polymer chains and ATZ particles, which causes the presence of microvoids able 

to dissipate the mechanical stresses. Besides, the α relaxation transition can be noticed in Figure 3B: 

it appears at 50°C for unfilled HDPE and is due to segmental motion in the amorphous phase in the 

vicinity of the PE crystalline lamellae [29]. In the composites, the peak intensity of this transition 

does not decrease, meaning that ATZ particles do not hamper the motion of the amorphous phase. 

The position of these peaks slightly changes, suggesting that the crystalline superstructure of the 

matrix is not the same of unfilled HDPE. The poor interfacial interaction and the presence of 

microvoids are also responsible for the slightly more viscous behaviour of the composites with respect 

to that of neat HDPE, as indicated by their higher tanδ intensity (Figure 3C). 



9 
 

10 20 30 40 50

020
PE

200
PE

110
PE

202
ATZ

I

2 (deg)

HDPE

HDPE 98/2

HDPE 95/5

HDPE 88/12

110
ATZ

 

Figure 2. X-ray powder diffraction profiles of HDPE and HDPE/ATZ composites. The 

contribution from amorphous phase is indicated by the dashed curve. All data have been subtracted 

from the background intensity approximated as straight line.  

 

The mechanical parameters obtained by stress-strain curves are collected in Table 1. The 

addition of a few amount of ATZ particles (1-3 wt%) significantly enhances the Young modulus (E) 

of HDPE, reaching an increase of 22% for HDPE/ATZ 99/1, as compared to the unfilled counterpart. 

A slight increment is also observed for higher ATZ percentages, although the differences among the 

mean values are limited. 
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Figure 3. (A) Storage modulus (E’), (B) loss modulus (E”) and (C) tanδ of HDPE and its 

composites.  

 

This behaviour could be explained considering that the crystallinity increase observed for all the 

composites is hindered by the presence of voids and/or agglomerates, prevailing for ATZ loadings 

ranging between 5 and 12 wt%. In addition, based on the higher level of crystallinity induced at higher 

ATZ loadings, it can be supposed that this is not a key parameter for determining the Young modulus 

enhancement. In a previous work [19], the Young modulus of ATZ/UHMWPE appeared similar for 

composites with filler percentages ranging between 2.5 and 10 wt%, independently on the 

crystallinity differences induced on the matrix, supporting the hypothesis of a minor role of this 

parameter. The actual influence of the presence of agglomerates, is not clearly elucidated in the 

literature. The agglomeration of filler nanoparticles is also claimed as factor of paramount importance 

A B 

C 
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for enhancing elastic modulus of polymer composites by Dorigato and coworkers, and is not directly 

related to any change in the crystallinity degree of the polymer matrices [30, 31]. In our case, the 

presence of ATZ reduces the strength at yield (σy) of HDPE by more than 5%, supporting the 

detrimental effect induced by the presence of aggregates (and voids), hence limiting the potential 

benefit of the crystallinity increase. The elongation at break (εb) is enhanced only when the ATZ is 

below 5% wt. In literature, the increase in the elongation at break in composites is in general explained 

through the reduction in the spherulite dimensions and/or by the well-known failure mode 

characterized by particle debonding: this latter causes the formation of massive voids that coalesce 

during matrix fibrillation [32, 33].   

 

Figure 4. Optical micrographs of thin films prepared between microscope coverslips by melting 

the composites at 210 °C for 3 min and then cooling at 20°C/min. (A) HDPE, (B) HDPE/ATZ 98/2 

and (C) HDPE/ATZ 93/7. 

 

Figure 4 shows the optical images of unfilled HDPE (A), HDPE/ATZ 98/2 (B) and HDPE/ATZ 93/7 

(C). The spherulites in HDPE/ATZ 98/2 are similar or slightly bigger than those of HDPE, whereas 

they decrease significantly at higher ATZ loadings, hence becoming not detectable in HDPE/ATZ 

97/3 (Figure C). The change in the spherulites dimensions, often leading to a decrease, supports the 

hypothesis that ATZ acts as nucleating agent [34]. In addition, higher the ATZ content, higher the 

50 µm 

50µm 

50µm 
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nucleation sites dispersed in the matrix, promoting the formation of larger amount of spherulites. The 

spherulites growth is hindered by the steric hurdles introduced by well dispersed ATZ particle (few 

aggregates) that prevent the formation of bigger spherulites crystallites. This well explain the 

reduction in spherulites dimension evidenced by OM. [35]. 

The decrease in spherulite size partially agrees with the trend of the elongation at break parameters 

(Table 1). Indeed, the increase of εb can be mainly ascribed to the micro-mechanism failure in polymer 

composites [32].  

Table 1. Crystallinity degree, tensile parameters, impact strength, hardness and “plasticity index” 

of HDPE and HDPE/ATZ composites. 
 HDPE PE/ATZ 

99/1 

PE/ATZ 

98/2 

PE/ATZ 

97/3 

PE/ATZ 

95/5 

PE/ATZ 

93/7 

PE/ATZ 

88/12 

𝜒𝑐  (%)  69 ± 2 71 ± 2 73 ± 2 74 ± 2 74 ± 2 75 ± 2 75 ± 2 

E (MPa) 969 ± 17 1189 ± 34 1139 ± 16 1125 ± 48 1047 ± 22 1088 ± 53 1001 ± 47 

εy (%) 8 ± 1 10 ± 1 9 ± 1 8 ± 1 9 ± 1 9 ± 1 8 ± 1 

σy (MPa) 25 ± 2 24 ± 1 25 ± 1 24 ± 1 24 ± 1 22 ± 1 19 ± 3 

εb (%) 320 ± 100 647 ± 28 704 ± 85 758 ± 44 270 ± 57 365 ± 145 346 ± 103 

σb (MPa) 14 ± 1 14 ± 1 15 ± 1 16 ± 1 14 ± 1 12 ± 1 10 ± 2 

Is (kJ/m2) 10.3 ± 0.5 9.0 ± 0.8 8.6 ± 0.7 9.4 ± 0.4 9.3 ± 0.6 9.2 ± 0.6 9.4 ± 0.9 

Shore D 72±1 74±1 73±1 73±2 78±1 77±2 79±3 

ShoreD/E 0.074 0.062 0.064 0.065 0.074 0.071 0.072 

The Charpy results (Table 1) indicate that the incorporation of ATZ in HDPE leads to a slight decrease 

of impact strength. It is commonly assumed that inorganic particles, which have weak adhesion to 

the polymer (as confirmed by SEM images), act as defect, favoring the initiation and propagation of 

cracks due to a stress concentration effect [36]. This reduction is independent on the ATZ loading.  

As expected, Shore D hardness of the composites (Table 1) is always higher than unfilled polymer, 

due to the intrinsic higher hardness of ATZ with respect to HDPE [19]. The ratio between the Shore 

D Hardness (H) and the Young modulus (E), also called ‘plasticity index”, is often used for estimating 

the wear resistance of the composites [37, 38]. Low H/E values indicate that the work is consumed 

for the plastic deformation, and the contact material will produce large plastic strain. The calculated 

plasticity index values of the composites, collected in Table 1, are always lower or similar to that of 

unfilled HDPE, hence indicating that ATZ worsens the wear resistance of the polymer. 

Figure 5 shows the coefficient of friction (COF) as a function of cycles number in dry condition, 

water and SBF medium for HDPE and HDPE/ATZ 88/12. After the running-in process, the COF 
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approaches a steady value over all the sliding distances. The steady COF, wear rate and wear depth 

of HDPE and some composites, representative of low, medium and high ATZ loadings, are 

summarized in Table 2.  

 

Figure 5. COF as a function of number of cycles in air, water and SBF solution at 37°C for neat 

HDPE and HDPE/ATZ 88/12. Wear conditions: 25.000 cycles, 10N load, displacement radius of 

5mm. Counterbody: 6mm radius alumina ball. 

 

In air, neat HDPE shows a COF value of 0.13 (Table 2). The COF increases with the presence of 

ATZ, reaching an almost stable value around 0.21, regardeless of ATZ loading. Unfilled HDPE 

exhibits the lowest wear-resistance (estimated as wear rate and average depth), which is in good 

agreement with the highest hardness and elastic modulus ratio (Table 1). For the composites, wear 

rate varies from 2.2× 10-5 mm3/N·m (for HDPE/ATZ 98/2 composite) to 5.1× 10-5 mm3/N·m (for 

HDPE/ATZ 88/12 composite), the wear depth from 12.4 to 21.4 μm, respectively.  

The tribological behaviour can be interpreted with one of the most accredited wear mechanisms in 

which, after initial wear cycles, the real tribo-contact is established between polymer surface and a 

polymeric transfer layer. Such three body wear situation results in a low COF value due to weak-

bonding forces (hydrogen bonds and van der Waals forces) among the involved surfaces [39-41].  
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In addition, the asperities on alumina ball encounter softer asperities of HDPE, hence deforming the 

latter. In the composites, two possible phenomena may occur: 1) the transfer layer is continuously 

abraded by the fine but harder ATZ particles embedded in HDPE; 2) ATZ debris can be incorporated 

into the transfer film, leading to its strengthening. Both phenomena result in an increase of COF with 

respect to that of unfilled HDPE. Besides, this severe abrasive wear increases the wear rate and the 

depth of worn scar. This hypothesis is supported by the increase of wear volume as a function of ATZ 

loading and by SEM observation. In fact, the worn surfaces of HDPE and HDPE/ATZ 88/12 (Figure 

6A and B, respectively), are characterized by plastic deformation, though a more damaged surface 

appears in the composite, showing a higher formation of wear debris.  water, the COF is 0.04 for all 

materials,. This behavior may be ascribed to the alumina ball surface that gets hydrated in presence 

of water. The formation of Al(OH)3 layer transforms the alumina surface in a highly hydrophilic one, 

lowering the adhesion between polymer or transfer layer and its counterbody. As a result, COF 

decreases. The wear parameters are also lower than those calculated in dry condition. The presence 

of water has a lubricating effect leading to reduced shear stresses in the surface, then decreasing the 

Table 2. Coefficients of friction and steady-state wear rates for HDPE and its composites in dry 

condition and when water and bovine serum are used as lubricants. 

 HDPE 
HDPE/ATZ 

98/2 

HDPE/ATZ 

95/5 

HDPE/ATZ 

88/12 

Dry condition 

COF 0.13±0.01 0.21±0.03 0.22±0.01 0.20±0.02 

Wear rate 

(× 10-5mm3/N·m) 
1.8 2.2 3.1 5.1 

Average depth 

(μm) 
11.5 ± 0.70 12.4 ± 1.1 16.7 ± 0.6 21.4 ± 2.0 

Lubricant: water 

COF 0.04±0.01 0.04±0.01 0.04±0.02 0.04±0.01 

Wear rate 

(× 10
-5

mm
3

/N·m) 
1.4 1.3 1.3 1.10 

Average depth 

(μm) 
8.1 ± 1.0 8.2 ± 1.1 8.3 ± 1.2 7.0 ± 0.5 

Lubricant: SBF 

COF 0.13±0.02 0.11±0.01 0.10±0.02 0.08±0.02 

Wear rate 

(× 10-5mm3/N·m) 
2.5 2.8 2.3 1.5 

Average depth 

(μm) 
12.8± 1.2 14.3± 0.9 11.3± 1.6 9.0± 1.3 
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wear rate. Although the tests were performed at 37°C, the real temperature in the sliding contact may 

reach higher values causing polymer softening and leading to a decrease of the load-carrying capacity 

[42]. The presence of water might cool the polymer, hence reducing the frictional heat. In general, 

water lubrication may increase or decrease the wear rate of polymers, depending on the material 

combination and the main wear mechanism involved [43, 44]. Our findings are in agreement with 

those reported for other polymers sliding against alumina [43]. Finally, it is worthwhile to consider 

that the adsorbed water layer, formed instantaneously and shared off to generate new surface during 

cycles, should facilitate the removal of debris and reduce abrasion.  

 

The SEM images displayed in Figure 6C and D, confirm a similar behaviour for HDPE and 

HDPE/ATZ 88/12: plow grooves with no or limited presence of debris are visible. In SBF, HDPE 

has almost the same COF (e.g. 0.13) obtained in dry condition, whereas COF of the composites 

  

  

  

Figure 6. Topographical features of the worn surfaces of HDPE (left) and HDPE/ATZ 88/12 (right) 

in three different environments: (A) air (B) distillated water and (C) SBF. Arrows indicate the 

friction direction. 
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always decreases. In SBF, COF values are higher than those obtained in water. This could be ascribed 

to the higher viscosity of SBF with respect to water and to a higher strength of the adsorbed layer by 

surfaces that require higher shear stress for further sliding [45]. Besides, the frictional heat is not 

decreased efficiently as in the case of water, possibly causing protein-degradation phenomenon that 

decreases lubrication ability [43].Interestingly, the wear rates in SBF are higher than those obtained 

in water and, in some cases, are even higher than those obtained in dry condition, i.e. for HDPE and 

HDPE/ATZ 98/2 composite. In literature, it is reported that the cited protein-degradation 

phenomenon can mask the real wear rates [46]. The corroded worn surfaces displayed in Figure 6D 

and E, which also show the presence of many debris, indicate the possibility of corrosive reactions 

taking place between polymer surface and complex salts in SBF [10] and also suggest that the 

involved wear mechanism is particularly complex, with different competing factors that would need 

much work for being elucidated. 

Finally, estimating the plasticity index, can be a reliable method for predicting polymer composites 

wear only in dry condition. Figure 7 plots TG and dTG curves recorded in N2 (A) and air (B) for 

HDPE and some HDPE composites. T10 and Tmax (i.e. the temperatures corresponding to 10% weight 

loss and to the maximum of the derivative curves, respectively), together with the residue at 700 °C 

for all the composites, are listed in Table 3.  
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The thermal and thermo-oxidative stability of HDPE composites is not a fundamental information for 

materials intended for biomedical applications. However, considering the good mechanical properties 

of the selected composites, also other applications, in which thermal stability becomes a relevant 

property, can be taken into account. Besides, thermogravimetric analysis provides information about 

the real amount of filler dispersed in the polymer matrix (i.e. estimated as the residue at 700°C in air) 

and suggests an indirect proof of filler dispersion (reproducible curves).  
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Figure 7. TG and dTG curves of HDPE and some of its composites in nitrogen (A) and air (B). 
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In inert atmosphere, HDPE thermally degrades by a single step centered between 420 and 500°C. In 

air, a more complex decomposition step is evident and all the pyrolysis products are released as 

volatile species and no species are converted into a stable residue (that approaches 0 at the end of 

experiment). HDPE/ATZ composites follow the same behavior of neat HDPE both in inert and in air 

atmosphere.  

However, ATZ influences the thermal degradation process of HDPE: T10% and Tmax of the composites 

are always higher with respect to those of unfilled HDPE. The increase in thermal stability is more 

pronounced at higher ATZ content (i.e. 95/5, 93/7 and 88/12) and when air is used as testing gas. The 

highest increase in thermo-oxidative stability can be observed for HDPE/ATZ 88/12: for this system, 

T10% and Tmax are, respectively, 18 and 29 °C higher than those of unfilled HDPE. 

The increase in thermal stability is generally attributed first to the filler that can act as a barrier for 

the degradation of HDPE, slowing the diffusion of the degradation products of the polymer matrix 

[47, 48]. It may also be ascribed to the higher thermal conductivity of the ceramic material [49] that 

easily dissipates heat, hence slowing down polymer degradation. The residues at 700°C are in good 

agreement with the theoretical ATZ content. 

 

Conclusions 

The major outcomes can be summarized as follows:  

Table 3. Thermogravimetric parameters of HDPE/ATZ composites 

 N2 Air 

 T10 

(°C) 

Tmax 

(°C) 

Residue 

(@700°C) 

T10 

(°C) 

Tmax 

(°C) 

Residue 

(@700°C) 

HDPE  451 482 0.0 357 390 0 

HDPE/ATZ 99/1 452 483 0.8 355 394 0.9 

HDPE/ATZ 98/2 453 484 1.6 363 393 1.8 

HDPE/ATZ 97/3 458 487 2.7 357 399 2.8 

HDPE/ATZ 95/5 461 489 4.8 362 403 4.7 

HDPE/ATZ 93/7 462 489 6.9 371 412 6.7 

HDPE/ATZ 88/12 463 494 11.4 375 419 11.7 
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1) The simple extrusion process allows a good dispersion and distribution of filler in the polymer 

matrix. The poor interface between polymer and ATZ increases the loss modulus and slightly 

decreases of the impact strength of the composites. 

2) Crystallinity increase and formation of voids and agglomerates seem to play an opposite role 

in determining the composites stiffness. More specifically, composites with few aggregates 

and voids (i.e. with low ATZ amount) and limited enhancement of polymer crystallinity lead 

to an increased polymer stiffness (in terms of both Young and storage moduli). Stiffness 

decreases at higher ATZ loadings, probably because of the higher amount of aggregates and 

voids, in spite of a higher crystallinity induced in the matrix. ATZ is also responsible for 

higher hardness of the composites with respect to unfilled HDPE. 

3) ATZ in limited content (1-3wt%) increases the elongation at break (εb) because of the 

recognized micro-mechanism of failure in polymer composites. 

4) The wear behavior of HDPE/ATZ composites is significantly affected by the presence and 

type of lubricant. In dry condition, the effects of the filler on the wear resistance are likely due 

to the higher surface hardness of the composite and to the contribution of the filler to the 

transfer film. As result, higher COF and wear rate values are observed in the composites as 

compared to unfilled HDPE. In water, the effect of the filler is completely annulled; the 

relevant factors include the decrease of frictional heat, the reduced shear stresses and the 

debris removal. In SBF medium, some adverse reactions can mask the real wear rates. In this 

condition, it seems that ATZ exerts a positive effect on the COF decrease.  

In the light of the mechanical and wear results in lubricant conditions, these composites could 

be promising candidates for moderate load bearing orthopedic applications. 
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