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Abstract 
The effect of process parameters comprising laser power, scan speed, 

hatch space, laser pattern, along with heat treatment as a post-process, in 

relation to hardness was analysed. The relation of measured factors with 

each other was also studied and related mechanisms were discussed in 

depth. The original contribution in this paper is in producing a large and 

precise data set and the comparison with mechanical properties. Another 

contribution is related to the analysis of process parameters in relation to 

hardness and explaining them by rheological phenomena. The results 

showed an interesting similarity between hardness and density which is 

highly related to the formation of the melting pool and porosities within 

the process. 

 

Keywords: Additive manufacturing, Hardness, Selective laser melting, 

scan speed, porosities 

 

Introduction 
Titanium and its alloys stand out 

predominantly due to their high 

specific strength and excellent 

corrosion resistance, at just half the 

weight of steels and Ni-based super 

alloys. This explain their early success 
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in the aerospace and the chemical industries. But other markets such as 

architecture, chemical processing, medicine, power generation, marine and 

offshore, sports and leisure, and transportation are seeing increased application 

of titanium. 

Various investigations have revolved around Ti-6Al-4V because of its high 

usage in different industries. Thijs et al, 2010 studied the impact of scanning 

strategy and process parameters on the micro-structure of Ti-6Al-4V during 

SLM processing and revealed that the relationship between the fracture plane 

and build orientation is very noticeable when the material is tested as built. Zhao 

et al, 2016 compared the microstructure and mechanical properties of Ti-6Al-

4V alloy manufactured by Selective Laser Melting (SLM) and Electron Beam 

Melting (EBM). It was reported that the tensile strength of SLM parts is higher 

than EBM because of finer α martensite. In addition, the SLM and EBM Ti-

6Al-4V samples in vertical orientation show higher tensile strength and ductility 

as compared to horizontal because of the change in tensile axial direction 

relative to the prior β-grain orientation (Zhao et al, 2016). 

However, some researchers use grade 5 Ti-6Al-4V powder in their work to 

investigate the growth rate of fatigue cracks and fracture toughness. Because 

the residual stress distribution, the influence of fatigue crack growth and 

relation between fracture toughness plane and build direction were noticeable 

(Gain et al, 2015). The annealing heat treatment and low- temperature stress-

relief enhances the resistance against fatigue cracks and fracture toughness. 

Simonelli et al (2014), also shows the tensile properties influenced by 

microstructure and found that the build orientation influences tensile properties, 

mostly ductility. 

For improving the mechanical properties of additive manufacturing of Ti-6Al-

4V Xu et al (2017), research on the decomposition in which unfavourable α 

martensite change into (α + β) microstructure. It was found that the mechanical 

properties are achieved by lamellar (α + β) microstructure and performance is 

better than most of the additive manufactured Ti-6Al-4V alloys. This study will, 

therefore, be directed toward analysing process parameters on the value 

shrinkage and dimensional deviations as studies in this area clearly indicate a 

research gap within the existing literature that require to be filled.  
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EXPERIMENTAL SET UP 

Powder Material and SLM Operation 

Based on ASTM standard, the sample were produced using an EOS SLM 

125HL equipped with YLR-Fibre-Laser with a minimum spot size of 5µm. 

Powder particle size was measured using a “Microtact 3000” particle analyser. 

Some of the process parameters were kept constant during the test which are 

shown in Table 1. Samples were produced using Ti-6Al-4V powder in the form 

of standard tensile test dog-bones for further analysis as shown in Figure 1(a) 

and Figure 1(b) shows the powder particle size distribution while figure 1(c) 

shows printed samples 

 

Table 1 

SLM constant process parameters 

System Parameter Value 

Build Speed 15ccm/h 

Min. Scan Line / Wall Thickness 120 µm 

Operational Beam Focus Variable 100 µm 

Layer Thickness 30 µm 

Laser spot diameter 0.2 µm 

 

 
Fig. 1. (a) Powder (b) SLM process (c) printed samples 
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Design of Experiment 

To reduce the cost of experiment whilst maintaining accuracy, a Design of 

Experiment (DOE) approach has been selected and was used to generate results 

which have five levels for each factor and Table 2 outlines the factors and levels.  

 

Table 2. 

Process parameters. 

Laser 

Power 

(mm) 

Scan 

Speed 

(mm/min) 

 

Hatch 

  

Spacing 

(µm) 

Scanning 

pattern 

Incrementing 

angle (0) 

Heat 

treatment 

Temperature 

(0C) 

90 600 65 36 20 

95 650 70 40 600 

100 700 75 45 750 

105 750 80 60 925 

110 800 85 75 1050 

 

Heat Treatment 

The periodic cooling and heating of subsequent layers during the build process 

of additive manufacturing of metals leads to change in microstructure and 

storage of residual stresses within the samples. Moreover, the fast cooling rate, 

specifically for powder bed systems compared to blown powder, generates more 

intermetallic phases which can be reduced by heat treatment. Table 3 illustrates 

the heat treatment conditions that were used in this experiment. Initially, the 

heating and resident time were fixed at 120 min., so the heating gradient steadily 

increased from ambient temperature 200C to the set temperature from 4.8 to 

8.60C/min. The cooling rate was fixed at 50C/min. across all samples to prevent 

major changes to the mechanical properties. 

 

Table 3. 

Heat treatment condition 

Temperature (0C) Heating time 

(min) 

Resident time 

(min) 

Cooling time 

(min) 

20 - - - 

600 120 120 120 

750 120 120 150 
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925 120 120 185 

1050 120 120 210 

 

Hardness Testing 

The Durajet G5 macro hardness tester for Brinell hardness measurement with 

versatility, incremental turnaround time and repeatability was used. Before 

starting, the test samples were polished by alternately 80, 200, 600 and 1200 

grit sandpapers. The load and indenter were selected as 30N and 1/30 

respectively. The distance between each two measurement points was 1mm and 

80 test on each sample has been carried out and the average of these points was 

reported to increase the accuracy so totally 2000 points were measured. 

 

RESULTS AND DISCUSSIONS 

To clarify the effect of process parameters on hardness as well as understanding 

the relation of hardness and relative density in the SLM process the interaction 

of each two parameters against hardness and density was plotted. The 

rheological discussion shows the mechanisms behind the process and explains 

the governing phenomena. 

Figure 2. shows the graphs to analyse the effect of heat treatment on other 

process parameters against both hardness and density. No specific change was 

observed in all sub-figures for heat treatment of 20 °C–600 °C. Similar to the 

value of density, the hardness increases in 600 °C and then decreases for 

temperatures ranging 800–925 °C and then sharply decreases for 1050 °C. This 

increasing trend might be associated with decomposition of the α′ for stress 

relieving. This intermetallic appears due to the high cooling rate in the SLM 

process (Murr et al, 2009, Khoraisani et al, 2017 and Khoraisani et al, 2018). α′ 

is harder and subsequently the intermetallic phase disappears in mill annealing 

and stress relieving and, due to lower mass of α′, density improves. Over this 

range the density shows to have a reduction trend specifically for temperatures 

above 1000 °C. At this temperature micro-flow might be occurring on the 

surface that is associated with temperature concentration and lower mass due to 

balling and residual particles (Khoraisani et al, 2017). The mentioned trend 

occurs for samples that were processed at lower than 70 J/mm3 energy density. 

The amount of α′ martensite in these samples, due to lower temperature and the 

cooling rate, is lower. Therefore, the mean value of hardness for low energy 
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density samples that is shown in Fig. 2(A) is about 12% less than as-built 

samples with higher energy density. Fig. 2(C and D) show the microstructure 

of as-built and beta heat treated samples. As it can be shown the fine 

microstructure in as-built and coarse for beta heat treatment was observed. 

It is reported that by changing energy density the temperature also changes 

(Khoraisani et al, 2018). This effect causes re-melting of the previous layer, 

which generates α′ martensite and explains why there is a change in hardness 

for heat treatment temperatures above 600 °C with decomposition of α′ into α 

and β. This was found when analysing our samples based on the obtained energy 

density which is shown in Fig. 2. In this figure the mean effect analyses were 

plotted based on energy density (high, medium and low). As it can be seen in 

higher energy density when stress relieving was carried out the value of density 

decreased which confirms decomposition of α′ into α and β (Khoraisani et al, 

2018). Increasing heat treatment temperature leads to decreasing the value of 

hardness that is observed in Fig. 6(A–D). This can be related to the slow cooling 

rate and increasing the grain size and coarsening of α- phase (Welsech et al, 

1993). Decomposition of the α’ martensite and nucleation of α precipitates in 

α+β annealing is a result of increasing the value of secondary α, so the total 

percentage of α and bigger grain size was obtained. β annealing compared to 

stress relief and mill annealing has a lower hardness that is related to increasing 

the grain size and decomposition of α’ martensite to secondary α. The hardness 

value of α+β annealing was higher than β annealing due to the higher volume 

fraction of β and bigger grain sizes. Also, coarsening of α phase in β annealing 

leads to decreasing the average hardness (Murr et al, 2009, and Yandroitsey et 

al, 2014). SLM is operated under controlled conditions (first vacuum then 

argon), but a small amount of nitrogen and oxygen was found in the bulk of the 

material. When α+β heat treatment has carried out these elements, due to lower 

melting temperature, are flowing. The separated flow has a stochastic trend, and 

so nitrogen and oxygen are mixing with Ti, Al and V by different amount on 

the surface of the samples, and this leads to decreasing the hardness (Khoraisani 

et al, 2018 Banfeld and Van der Briest, 2010). 
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Fig. 2. Mean effect plots for samples with (A) low energy density (B) medium 

and high energy density (C) microstructure of as built samples (D) 

microstructure of Beta annealed sample. 

 

CONCLUSION 

The results were characterized based on the rheology of the melting pool and 

formation of pore structures. Higher laser power and lower scan speed produced 

higher hardness due to better energy transfer and good melting pool quality. 

Also, for lower than optimum hatch space values, due to larger overlap, 

hardness decreased. For higher than an optimum hatch spacing, on account of 

dispersion of beam energy, the hardness also reduces. Low scan pattern angle 

produces better hardness due to double re-melting of overlap of previous layers. 

Stress relieving improved the hardness for samples with a lower energy density 

which is related to the formation of less α′ martensite for as-built samples. 

Increasing the temperature of heat treatment leads to increasing grain size and 

reduction of hardness. 

 

RECONMENDATION 

Future work will be directed toward the following:  

1. Analysing process parameters on the value of shrinkage and dimensional 

deviations.  
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2.  Monitoring the melting pool temperature and characterising it with 

rheological phenomena would be another direction for upcoming 

research to explain the temperature profile and find the link with 

mechanical properties and process parameters. 
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