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Abstract 
In this study, TC4 samples were annealed by different heat treatment processes, and the 
wear performance of the workpiece was studied by friction testing machine. The 
microstructure, surface morphology, surface hardness and wear properties of the 
annealed parts were analyzed. The results show that heat treatment is an effective 
means to improve the wear resistance of the surface of the specimen. With the increase 
of annealing temperature, the microstructure of the surface of the formed part changes. 
When the annealing temperature reaches 900℃ and 1000℃, the friction coefficient 
increases, and with the change of wear time, the friction coefficient becomes stable 
rapidly. It can be seen from the isochromatic map of the surface morphology height of 
the wear marks that the microstructure is relatively smooth at 900℃ and 1000℃. When 
the temperature is 800℃ the maximum surface hardness is 676.48HV. 
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1. Introduction 

Selective laser melting technology uses various metal alloys to manufacture parts with complex 
geometric features [1]. Compared with traditional molding technology, laser selective melting 
technology opens up a new path for the processing and molding of complex models, greatly 
improving the processing efficiency and reducing the processing cost [2-3]. However, laser selective 
melting forming is a high-energy transient metallurgical process, characterized by high local 
temperature and fast cooling speed, which determine that its forming mode will lead to local thermal 
stress and phase transformation stress, so it is necessary to heat treat it to eliminate the internal stress 
and improve the internal microstructure [4-6]. 

Scholars at home and abroad have done some research on this issue. Cai Yu sheng et al[7] studied 
the influence of heat treatment temperature on the microstructure and mechanical properties of laser 
selective melting formed parts, and concluded that TC4 titanium alloy formed parts have the best 
strength and plasticity after heat treatment at 800℃. Zong Xue wen et al [8] studied the difference in 
mechanical properties between TC4 titanium alloy formed by laser selective melting and casting, and 
the study showed that TC4 titanium alloy formed by laser selective melting had better performance 
than TC4 titanium alloy formed by casting. V Cain et al [9] studied the fracture toughness and fatigue 
crack growth rate characteristics of 5 grade Ti6Al4V powder metal samples melted by selective laser. 
Three sample orientations related to the forming direction and two different post-forming heat 
treatments were considered. The results show that the post-molding treatment and sample orientation 
have a great influence on the shape of Ti6Al4V powder SLM. 

The friction coefficient of TC4 titanium alloy is opposite bigger, abrasion resistance is poor, about 
40% lower than other metallic materials, prone to caking phenomenon in the contact surface, 
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corrosion and other damage caused by friction, in order to improve the wear performance of titanium 
alloy, many researchers have adopted nitriding, carburizing, a variety of chemical methods such as 
boronizing, trying to improve its performance, But have no constituency by heat treatment to improve 
the laser melting current study on the abrasion performance of the titanium alloy forming, heat 
treatment can cause changes in the organizational structure of titanium alloy, decided to the 
performance of titanium alloy, so in this article, through different heat treatment temperature, from 
micro and macro research of the abrasion performance of the titanium alloy after heat treatment. 

2. Experimental Methods and Materials 

2.1 Experimental Equipment and Materials 

The test equipment is DiMetal-100 laser selective melting machine of Guangdong province Lei jia 
additive manufacturing equipment. The rated power was 200W, the laser wavelength was 1060-
1080μm, the laser output range was 10%-100%, the maximum displacement speed of the scanning 
electron microscope was 8m/s, the thickness of the powder was 20-100μm, and the oxygen content 
of the forming chamber was less than 0.1%. The electronic universal testing machine CMT5105 was 
used to carry out tensile experiments on the specimens, and the tensile speed was set as 0.3mm/s. The 
surface hardness was measured by a digital microhardness tester produced by Shanghai Yongning 
Optical Instrument Manufacturing Co., LTD. The applied load was 1.961N, and the experimental 
force retention time was 30s. The friction and wear testing machine produced by Lanzhou Zhongke 
Kaihua Technology Development Co., LTD is adopted. The frequency of reciprocating motion is 
1HZ, the experimental load is 300g, the running speed is 240t/m, and the sliding length is 5mm. The 
experimental material was TC4 metal powder produced by Nantong Jinyuan Intelligent Technology 
Co., LTD. The particle size was 15-53μm. In order to reduce the influence on the forming quality 
during the forming process, the TC4 powder was placed in a vacuum drying oven and dried at 100℃ 
for 8h to exclude the influence of moisture in the powder in the forming process. 

2.2 Experimental Sample Design 

In this paper, the standard sample of material mechanics is adopted, and the laser selective melting 
manufacturing technology is adopted. In this experiment, the laser power of solid forming is 120W, 
the scanning speed is 600mm/s, the powder thickness is 0.04mm, and the scanning spacing is 0.06mm. 
The Z-shaped splitlayer orthogonal scanning method is adopted. The friction specimen is shown in 
Figure 1. 

 

 
Figure 1. Schematic diagram of friction specimen 

2.3 Experimental Scheme 

The experimental design is shown in Table 1, The experimental design is divided into two groups, 
each group contains six samples: control group (SLM), 600℃, 700℃, 800℃, 900℃ and 1000℃ 
annealing samples, and the experimental samples are heat treated according to the heat treatment 
process in Table 1. The specimens were polished with 400 mesh, 800 mesh, 1000 mesh, 1200 mesh, 
2000 mesh and 3000 mesh sandpaper in turn. Finally, the polishing paste was cast to the mirror 
surface. Each sample was cleaned by ultrasonic wave with absolute ethanol for 0.5 hours. In order to 
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observe the effect of heat treatment temperature on the surface morphology, a group of polished 
samples were corroded. The ratio of the corrosion solution was hydrofluoric acid: nitric acid: water, 
according to the ratio of 5:15:80, the rubber head dropper was used to corrosion for 8 seconds, and 
the surface microstructure was observed under the microscope. After polishing another group of 
samples, the friction and wear test machine was run for 0.5h to observe the change of friction 
coefficient with the friction time, and the surface morphology of the wear marks was observed under 
the microscope. 

 

Table 1. Heat treatment process 

Number Heat treatment temperature Soaking time Cooling method 

1(untreated) / / / 

2 600℃ 2h Furnace cooling 

3 700℃ 2h Furnace cooling 

4 800℃ 2h Furnace cooling 

5 900℃ 2h Furnace cooling 

6 1000℃ 2h Furnace cooling 

3. Results Analysis 

3.1 Surface Wear Resistance Analysis 

As can be seen from the curve of friction time and coefficient in Figure 2, at the initial stage of wear, 
the contact area with the sample surface is small and the compressive stress is relatively large because 
the contact is point contact [10-11]. The friction coefficient increases sharply at the beginning of 
friction and wear, and quickly reaches a stationary state in a short time. With the increase of annealing 
temperature, the friction coefficient shows obvious changes. When the temperature is 600℃ and 
700℃, the friction coefficient is low. From the microscopic perspective, the grain size at this time is 
small, and the friction resistance is small, thus showing a low friction coefficient in the experiment. 
When the temperature is 800℃, the friction coefficient is the smallest, which is consistent with the 
hardness test measured under this condition. The surface hardness measured at 800℃ is the largest, 
and the friction coefficient is smaller. When the temperature is 900℃ and 1000℃, the friction 
coefficient increases gradually. From the microscopic analysis, the grain volume increases again, 
which is mainly plate-like martensite. The volume fraction of β phase increases, the length of plate-
like martensite becomes shorter, and the friction resistance increases, so the friction coefficient 
increases. When the temperature reaches 900℃ and 1000℃, the friction and wear curve gradually 
flattens and the wear reaches a stable state. 
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Figure 2. Analysis of surface wear resistance after different heat treatments 

3.2 Surface Microstructure Analysis 

The surface microstructure of TC4 after different heat treatments is shown in Figure 3. TC4 is an α+β 
type biphasic alloy, and the properties of TC4 in a row mainly depend on the distribution of α and β 
phases. There are two ways to transform (bcc) β into dense hexagonal α phase. The second is to 
control the diffusion and growth of crystal nuclei through the heat treatment process, which depends 
on the heat treatment process and the composition of titanium alloy. Conversion between α phase and 
β phase facies follow burgess crystal orientation relationships:(110) //(0002) , [111] //[1120]  
错误!未找到引用源。. 

 

 a b 
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Figure 3. Surface microstructure of TC4 titanium alloy under different heat treatment conditions(a) 

control group(b) 600℃/2h(c) 700℃/2h() (b) 700℃/2h(c) 800℃/2h(d) 900℃/2h(e) 1000℃/2h 

 

The microstructure of specimens under different heat treatment conditions was observed by high-
power microscope. As shown in Figure 3 (a), it is the SLM formed part without heat treatment, and 
the grain boundary is blurred, which mainly shows a large number of irregular area composition. It 
can be seen from Figure 3(b) that the microstructure of the sample treated at 600℃ has no obvious 
change, and the grain boundary is still invisible. Figure 3 (c) shows the microstructure obtained after 
heat treatment at 700℃. Compared with the untreated samples, the microstructure changes 
significantly, and the α phase is coarsened. It can be seen that the coarsened α phase accumulates and 
forms relatively regular α clusters with the same orientation. When the heat treatment temperature is 
lower than the phase transition point, this kind of tissue has good plasticity and stability, but poor 
creep property, and thus poor wear resistance of the surface at the performance point [13]. Figure 3 
(d) shows the microstructure of the sample after heat treatment at 800℃. It can be seen that the grain 
size increases significantly and the grain boundary is relatively clear. In the process of heat treatment, 
TC4 will decompose, and part of the metastable acicular α^' martensite structure has decomposed 
into α+β structure, and the volume fraction of β phase is small. Compared with untreated specimens, 
there was a significant increase [14]. Figure 3 (e) shows the microstructure of the sample after heat 
treatment at 900℃. It can be seen that with the increase of heat treatment temperature, the 
microstructure changes greatly. During the heat preservation process, the microstructure grains 
further increase, the volume fraction of β phase further increases, and the microstructure has gradually 
transformed to the net basket structure [15-16]. As shown in Figure 3 (f), when the heat treatment 
temperature is 1000℃, with the increase of annealing temperature, β large grains with equiaxed 
increase basically disappear and decompose into fine layered structures. The proportion of equiaxed 
α structure decreases sharply, and part of them transform into needle-like martensite, and the structure 
of martensite is extremely hard. The microstructure and properties of titanium alloy are changed by 

c d 

e f 
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heat treatment. The presence of martensite is very important to the material and has a great influence 
on the wear resistance of the material. 

3.3 Wear Morphology and Surface Hardness Analysis 

The main characteristics of abrasive wear are grooves formed by obvious abrasion or plough wrinkles 
on the surface of time friction. When the abrasive particles are relatively round and blunt or the 
surface of the material is relatively plastic, the abrasive particles will be ploughed into and out of the 
groove, and the material will continue to accumulate along both sides of the groove, and then the 
accumulated material will be rolled and leveled by reciprocating friction [17]. According to the 
analysis of groove surface morphology, the wear type under this environmental condition is, and the 
abrasive wear may be caused by tiny protrusions on the surface of the experimental sample. In order 
to further analyze the influence of heat treatment process on the molding parts, the wear morphology 
was observed under the microscope, as shown in Figure 4, the surface microstructure height iso-
chromatic diagram. Analysis of the micro-morphology of the wear mark surface in Figure 4 shows 
that the surface morphology of the wear mark in Figure 4(a) and Figure 4(d) gradually becomes 
uneven. It can be seen from Figure 4 (e) to Figure 4 (f) that the surface morphology of the wear marks 
gradually becomes flat. The main reason is that when the heat treatment temperature reaches 900℃ 
and 1000℃, the temperature at the contact part further increases with the increase of wear time, which 
makes the surface of the specimen soften and the hardness decrease, and the surface morphology of 
the groove gradually becomes smooth. 

 

 

 

a b 
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Figure 4. Isocromatic diagram of the surface morphology of wear marks 

(a) Unprocessed (b) 600℃/2h(c) 700℃/2h() (b) 700℃/2h(c) 800℃/2h(d) 900℃/2h(e) 1000℃/2h 

 

The measured surface hardness of the sample is shown in Figure 5. Six points are randomly selected 
on the surface of each sample for measurement, and the average value is obtained as the final value. 
The load force of 200g is applied, and the force holding time is 30s. As can be seen from the figure, 
when the annealing temperature is 800℃, the maximum measured surface hardness is 676.48HV. It 
can be seen that when the temperature is 600℃ and 700℃, the surface hardness increases slightly 
with the increase of the annealing temperature, and when the temperature is greater than 800℃, the 
surface hardness gradually decreases. From the microscopic perspective, when the temperature is 
greater than 800℃, Microhardness gradually reduce the reason may be that with the increase of 
temperature, solid solubility increases, then the six-party structure of the martensite deformation 
happens, from the point of view of crystallography, is characterized by crystal structure lost its six-
party the symmetry of the structure itself, crystal lose its stability from the structure, so the 
performance in terms of macroscopic, the surface hardness. It can be concluded that in the process of 
this experiment, when the heat treatment temperature is 800℃, the surface hardness of the specimen 
is the best, which is consistent with the performance of the friction curve. 

 

 
Figure 5. Microhardness of TC4 titanium alloy at different heat treatment temperatures 

4. Conclusion 

(1) The research results show that heat treatment is improved based on the abrasion resistance on the 
surface of the laser melt district of TC4 forming effective means, the change of microstructure of the 
specimens, decided the wearability of the specimen surface as the change of heat treatment 
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temperature, based on the microstructure of laser melt forming TC4 forming a constituency change, 
affecting the surface wear resistance of the von berg systeme. 

(2) 800℃ is the turning point to change the wear resistance of the surface, at which point the friction 
coefficient reaches the maximum, the surface hardness reaches the maximum, and the friction 
coefficient reaches the minimum. When the temperature is greater than 900℃ and 1000℃, the 
friction coefficient increases and the friction coefficient reaches a relatively stable state, the surface 
hardness of the specimen decreases, and the surface morphology of the groove gradually becomes 
smooth. 
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