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Abstract

				Ultra High Molecular Weight Polyethylene (UHMWPE) has excellent properties, such as high mechanical performance, low friction, high wear and chemical resistance but so far there has been limited use in additive manufacturing (AM). Laser sintering of polymers is one of the most promising AM technologies due to its ability to produce complex geometries with accurate dimensions and good mechanical properties. Consequently, this study investigates the influence of laser power on physical and mechanical properties of UHMWPE parts produced by laser sintering. In particular mechanical properties, such as Ultimate Tensile Strength (UTS), Young’s Modulus and elongation at break were evaluated alongside relative density, dilation and shrinkage. Finally, the fracture surface of the tensile test specimens was examined by electron microscopy. Results show that within a laser power range of 6–12 W there appears to be an optimum where tensile strength and relative density reach a maximum, dilation is minimised and where elongation increases with laser power. UTS up to 2.42 MPa, modulus up to 72.6 MPa and elongation at break up to 51.4% were observed. Relative density and part dimensions are also influenced by laser power.
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1. Introduction
1.1. Laser sintering
Laser Sintering (LS) is an additive manufacturing (AM) technique in which parts are built layer by layer using laser to sinter powdered material directly from three-dimensional (3D) computer aided design (CAD) models. In LS, a laser beam is used to selectively fuse or melt the polymer particles deposited in a thin layer and has the ability to produce complex geometries with accurate dimensions and good mechanical properties [1]. LS build parameters include laser power, scan spacing, part bed temperature, feed bed temperature, layer thickness, time between layers, number of scans, build size, roller speed and heating-cooling rates [1]. Results from other work indicated that the microstructure and the physical and mechanical properties of the laser-sintered parts are fundamentally affected by laser power, laser scan speed and laser scan spacing which are directly related to the amount of energy imparted on the powder surface in the part bed [2]. A limited range of polymer powders are viable for LS and mostly involves Polyamide 12 (Nylon 12) or other Polyamide based compounds [3] and in very few cases, Thermoplastic Elastomers (TPE) [4], Polycarbonate (PC) and Polystyrene (PS) [5]. However, new materials such Polypropylene (PP), Polyetherketone (PEEK) [4], High Density Polyethylene (HDPE) [6], Thermoplastic Polyurethane (TPU) [7], Polylactic acid (PLA) and Ultra High Molecular Weight Polyethylene (UHMWPE) [8] are currently showing increasing potential as LS materials.
1.2. Ultra High Molecular Weight Polyethylene (UHMWPE)
UHMWPE is a thermoplastic polymer that has excellent properties of wear resistance, self-lubrication, fatigue resistance, impact resistance, high chemical stability, resistance to low temperature and biocompatibility [9, 10]. UHMWPE is widely used in medical, industrial, military and consumer applications [11]. Due to its high molecular weight which induces a very high melt viscosity, UHMWPE parts cannot be produced easily by many conventional methods, such as extrusion and injection moulding, [12, 13]. UHMWPE is processed by ram extrusion and compression moulding [14] with a reported density of 0.936 g/cm3, ultimate strength of 33.5 MPa and elongation of 380.4% [15].
Limited attempts have been made to process UHMWPE by Additive Manufacturing (AM), specifically laser sintering. Rimell and Marquis [16] fabricated UHMWPE (GUR 4120 and GUR 4170) solid bodies using a non-commercial LS machine. Problems were encountered including material shrinkage and degradation. Goodridge et al. investigated the mechanical properties of the laser sintered UHMWPE (GUR 4170) parts, built on a Vanguard Laser Sintering machine (3D Systems), using three point bend test and tensile test [17]. They reported an average of Ultimate Tensile Strength and Young’s modulus just above 0.2 MPa and 1.5 GPa respectively. However, sintered parts were only produced by using a precise combination of processing conditions.
In this study, UHMWPE laser-sintered tensile specimens were successfully fabricated using various laser power levels with significant sintering between particles and layers and also good mechanical properties.
2. Materials characterization
2.1. UHMWPE powder
The raw material used in the fabrication of the laser-sintered parts was UHMWPE (GUR 2122) produced by Ticona, also known as Celanese, (Germany) with an average molecular weight of 4.5 × 106 g/mol (Celanese GUR® 2122 UHMWPE datasheet).
The average particle size of UHMWPE was 125 μm and the statistical distribution ranges from 46.2 μm to 293 μm, as measured by the laser scattering technique using Mastersizer 3000 (Malvern Instruments, UK) and dry sample dispersion technique.
Differential Scanning Calorimetry (DSC) was carried out using a PerkinElmer Pyris DSC 8500 at a heating and cooling rate of 10 °C/min. The powder was characterised for the melting and crystallisation behaviour and the DSC result was used to aid the determination of the required LS build temperature for the powder bed (i.e. super-cooling processing window). The DSC curve for un-sintered UHMWPE powder is shown in Figure 1. The melting temperature (Tm) and the peak for recrystallisation (Tc) of the UHMWPE is around 141 °C and 117 °C respectively. The processing window for laser sintering of UHMWPE is extremely narrow.

						[image: thumbnail]	Figure 1.
							Differential scanning calorimetry (DSC) curve of UHMWPE powder.

						



				2.2. Manufacturing process
The tensile test parts were designed according to the ASTM D638, type IV and were manufactured using a commercial laser sintering system (EOS P100, Germany). The dimensions of the width and thickness at the gauge length of 33 mm were 6 mm and 4 mm respectively while the overall length of the parts was 115 mm. The tensile test parts were oriented in the x-y direction with the long axis parallel to the x-axis (Figure 2). Four sets of test specimens (six parts specimens in each set) were fabricated using different laser powers of 6, 8, 10 and 12 W and all other parameters including scan speed of 2500 mm/s, hatch spacing of 0.15 mm, laser count of 2 (i.e. double scan), removal chamber temperature of 135 °C and powder bed temperature of 142 °C were kept constant. Although the bed temperature was a degree above the melting temperature of the powder, it was found to be suitable in terms of powder spreading and multilayers sintering. The selected temperature does not always represent the absolute thermodynamic temperature. A slight variation is expected in the actual temperature of the bed during the sintering process due to the variation in the emissivity of polymeric materials. Also, despite the fact that the recommended layer thickness needed to be larger than the average size of the powder particles, a layer thickness of 0.1 mm was selected for comparison purposes with Goodridge et al. work [17].

						[image: thumbnail]	Figure 2.
							Schematic of the orientation of tensile test parts in the LS build bed.

						



				All parts were built without applying scale factors for compensation of the inherent shrinkage during cooling. After fabrication the parts were removed from the part cake and cleaned manually then sandblasting and pressurised air were used to remove any trace of un-sintered powder. The dimensions of the parts at the gauge length were taken at different locations using Vernier callipers, one at the centre and one at each end of the reduced width section. Each dimension was taken three times and an average of these values was recorded for each part.
3. Evaluation of manufactured parts
Relative density, dimensional accuracy, tensile properties and morphology of fracture surface were evaluated.
3.1. Relative density
To determine the relative density (ρRelative) of the UHMWPE sintered parts, the bulk density of these parts must be known. The bulk density (ρBulk) of LS parts was determined using equation (1). In this equation, ρ (g/cm3) represents the bulk density, m (g) is the mass and v (cm3) is the volume of the sintered part.

					[image: thumbnail](1)
				
The samples for density measurement were created by cutting out samples from rectangular LS parts with approximately 10 mm length, 9 mm width and 6.5 mm thickness. A sample size of three was used for each set of laser power. The mass of the density samples was determined by weighing the samples using a digital balance and the volume was determined using Vernier callipers measurement of dimensions.
The relative density, which is defined as the ratio of the bulk density of the parts to the true density (ρTrue) of the material composing the parts (i.e. powder) was determined using equation (2).
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The true density of UHMWPE powder is 0.954 g/cm3 as measured by helium gas pycnometer (Micromeritics AccuPyc II 1340, USA).
3.2. Part dimensions
In this study the influence of laser power on the dimensional accuracy of the parts produced was investigated. Measurements of the specimens’ width and thickness at the gauge length were taken at different locations. Three measurements of each dimension were taken and an average value was then generated for each specimen. A sample size of six was used for each set and the average value of the part width and thickness was generated for each level of laser power.
3.3. Tensile properties
The tensile properties were directly measured using the sintered parts without any post processing beyond bead blasting and an average and range values obtained over five tests for each set of parameters. Tensile tests were performed on a tensile testing machine (Tinius Olsen Ltd, UK) fitted with a 1000 N load cell and laser extensometer. All the tests were carried out at ambient temperature with a constant cross head speed of 5 mm/min. Three measurements were made of the thickness and width at different locations using Vernier callipers, one at the centre and one at each end of the reduced width section (gauge length). The average of the three measurements was used when calculating the cross sectional area. The specimens were marked using two reflective tape strips at zero tension that are used to measure the elongation by the laser extensometer (Figure 3). Stress-strain data, Young’s modulus, ultimate strength and elongation at break were generated by Tinius Olsen’s Horizon software.

						[image: thumbnail]	Figure 3.
							Tensile test specimen set up.

						



				3.4. Morphology of fracture surface
The fracture morphology of the tensile test parts was observed using a scanning electron microscope (Philips XL-20, Holland) at an accelerating voltage of 15 kV. Samples were cut parallel to and 2–3 mm below the fracture surface. All samples were gold sputtered prior to observation.
4. Results and discussion
4.1. UHMWPE sintered parts
UHMWPE tensile test parts were successfully manufactured at laser powers of 6, 8, 10 and 12 W and all parts were handled and cleaned without loss of definition (Figure 4).

						[image: thumbnail]	Figure 4.
							UHMWPE sintered part fabricated using 10 W laser power.

						



				4.2. Relative density
The relative density of the sintered parts was measured using equation (2) as detailed in Section 3.1. The influence of laser power on relative density of the sintered parts is shown in Figure 5.

						[image: thumbnail]	Figure 5.
							Average effect of laser power upon the relative density of the UHMWPE parts.

						



				The parts produced showed a notable change in relative densities with the change of laser power. The relative density of the sintered parts increased from 35% to 39% by increasing the laser power from 6 W to 10 W. Further increase in the laser power resulted in a decreased relative density to 37% at laser power of 12 W.
4.3. Part dimensions

					Figure 6 shows the influence of laser power on the average dimensions. The average width achieved was between 5.54 mm and 5.87 mm with shrinkage in width between 0.13 mm and 0.46 mm compared to the original width dimension. Unlike the part width, the desired part thickness of 4 mm was exceeded for all laser powers and in the worst case was almost double the desired thickness. The average thickness achieved was between 4.83 mm and 6.99 mm with growth between 0.83 mm and 2.99 mm compared to the original thickness.

						[image: thumbnail]	Figure 6.
							Dimension of UHMWPE parts fabricated by LS with different laser powers.

						



				
					Figure 6 shows that there is no statistically significant difference in the width when the laser power is changed whilst the thickness of the parts show a notable decrease. The part width was slightly lower than the desired part width of 6 mm for all levels of laser power.
A small amount of shrinkage in the width is often observed. However, many factors may contribute to shrinkage but mainly including materials, process parameters, and the geometries of parts produced [18]. The dimensional variations are caused by inhomogeneous shrinkage which appears during the building and cooling processes which then leads to distortion in the sintered parts caused by stresses. The shrinkage does not only depend on the temperature, at which the part is subjected to laser sintering, it is also affected by the length of time the powder bed retains heat, and also by the thickness of the powder layer [19].
In this work, a high growth was observed in the z-axis direction (i.e. thickness) which may occur due to thermal inconsistencies within the powder bed. Hopkinson and Sercombe found that error in z-axis direction is more apparent than in-plane errors. They suggested that this phenomenon is due to the heat generated by the laser which penetrates beyond the down facing surface to bond un-wanted particles which then leads to growth in z-axis direction [20].
4.4. Tensile properties
Tensile strength was measured to examine the influence of laser power. Observation during tensile test showed that considerable elongation took place before crack formation began and this behaviour is a classic example of ductile failure. Digital photographs of the specimens during the tensile tests are presented in Figure 7.

						[image: thumbnail]	Figure 7.
							Tensile test of LS UHMWPE parts produced with laser power of 10 W.

						



				A crack was formed on the surface of the specimen before the breakage. The areas where the crack formation occurred are marked using red circles. The effect of laser power upon the tensile properties is shown in Table 1 including the average values for the ultimate strength, Young’s modulus and elongation at break. The values of these properties for any given set of specimens were obtained by an average of five measurements and expressed as mean ± standard deviation.

					Table 1.

							Average tensile properties values of UHMWPE fabricated by LS parts.

						

				Stress-strain curves obtained by tensile test analysis are shown in Figure 8. The result revealed a less ductile behaviour for parts built at low laser powers than the parts built at higher laser power. When sintering at higher laser powers the bonds between the powder particles become stronger which leads to a more ductile behaviour with large plastic regions in the stress-strain curves as has been seen with LS of other polymers [21]. The parts built at the higher laser powers, 10 and 12 W, showed a higher strength and modulus relative to the parts sintered at low laser powers, 6 and 8 W.

						[image: thumbnail]	Figure 8.
							Stress-strain curves for each of the tested LP levels of the sintered par (each profile represent an average of 5 tested samples).

						



				Laser sintered UHMWPE parts showed an average value for ultimate strength of 1.63 ± 0.13 MPa which was achieved at laser power of 6 W, while an average value of 2.42 ± 0.20 MPa was achieved at laser power of 10 W (Figure 8).
The low value for the ultimate strength provides evidence of the weak bonding between UHMWPE particles which is probably due to insufficient fusion. As the laser power increased to 12 W the UTS decreased. This phenomena was observed by Gill et al. and they reported that degradation of the polymer occurs with increasing laser energy density from the optimum, which then results in a reduction in strength [22]. Caulfield et al. observed similar phenomena with Nylon 12 (DuraFormTM polyamide) and suggested this may be due to degradation of the polymer as a result of excessive exposure of the laser to the powder causing the particles to pyrolyse [21].

					Figure 9 shows that the laser power used to create the parts had a strong influence on the resultant Young’s modulus value.

						[image: thumbnail]	Figure 9.
							Effect of laser power on UTS of UHMWPE parts.

						



				The average value of the highest modulus was 72.6 ± 14.9 MPa at a laser power of 10 W while the average value of the lowest modulus was 46.5 ± 5.1 MPa at a laser power of 6 W.
Average elongation at break ranges from 35.6 to 51.4%. Figure 10 shows that the elongation increases with the increase in laser power and this can be attributed to the increase in part density and particle fusion [21]. This result shows that if the material integrity and interparticle bonding are enhanced by adequate laser power then the material ductility increases and the material becomes less brittle.

						[image: thumbnail]	Figure 10.
							Effect of laser power on Young’s modulus of UHMWPE parts.

						



				
						[image: thumbnail]	Figure 11.
							Effect of laser power on elongation at break of UHMWPE parts.

						



				4.5. Morphology of fracture surface
The SEM micrographs of the fractured surfaces of the tensile test specimens at laser powers of 6, 8, 10 and 12 W are shown in Figures 12–15 respectively. A high degree of sintering with large necks between the particles can be seen in all parts. The fracture surface micrographs show characteristic features of ductile failure with plastic deformation and fibrils on the surface which were produced by the separation of particles during the tensile test. The fibrils on the fracture surface of the parts laser sintered at 10 W were larger than those parts laser sintered at 6 W and corresponded to the higher elongation at break of the 10 W parts. Referring to Section 4.3, during tensile test cracks were formed on the surface of the specimen before the breakage. Crack initiation is normally followed by crack growth in which more fibrils undergo extensive plastic deformation until they rupture. This is evident from all micrographs.

						[image: thumbnail]	Figure 12.
							SEM micrographs of the fracture surface of tensile tested part of UHMWPE at 6 W with magnifications: (a) 200×, (b) 400×, (c) 800× and (d) 1600×.

						



				
						[image: thumbnail]	Figure 13.
							SEM micrographs of the fracture surface of tensile tested part of UHMWPE at 8 W with magnifications: (a) 200×, (b) 400×, (c) 800× and (d) 1600×.

						



				
						[image: thumbnail]	Figure 14.
							SEM micrographs of the fracture surface of tensile tested part of UHMWPE at 10 W with magnifications: (a) 200×, (b) 400×, (c) 800× and (d) 1600×.

						



				
						[image: thumbnail]	Figure 15.
							SEM micrographs of the fracture surface of tensile tested part of UHMWPE at 12 W with magnifications: (a) 200×, (b) 400×, (c) 800× and (d) 1600×.

						



				5. Conclusions
Tensile test parts of UHMWPE were successfully manufactured by Laser Sintering across a range of build parameters. The sintered parts were mechanically tested at room temperature. The three mechanical parameters investigated, ultimate strength, modulus and elongation, exhibit a clear dependence on the sintering laser power. Minimum ultimate tensile strength of 1.63 ± 0.13 MPa was achieved at laser power of 6 W while a maximum of 2.42 ± 0.20 MPa was achieved at 10 W. The same trend was reflected in the Young’s modulus with average values in range between 46.5 ± 5.1 and 72.6 ± 14.9 MPa at laser powers of 6 and 10 W respectively. Maximum elongation of 51.4% ± 6.6 was achieved at laser power of 10 W. The sintered parts achieved relative density in range between 35% and 39% which indicated a high porosity structure formed by the laser sintering. The average width of the laser sintered parts was between 5.54 mm and 5.87 mm with shrinkage in width between 0.13 mm and 0.46 mm and this indicates that there is no statistically significant difference when laser power is changed. However, the part thickness of 4 mm was exceeded for all laser powers and the average thickness observed was between 4.83 mm and 6.99 mm with a growth between 0.83 mm and 2.99 mm.
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