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งานวจิยัน้ีไดมี้การน ากระบวนการหลอมซ ้ าดว้ยเลเซอร์ (Laser re-melting; LRM) มาใชเ้พื่อ
พฒันาคุณภาพผวิของโลหะผสมโคบอลตโ์ครเมียมท่ีข้ึนรูปโดยกระบวนการหลอมโดยแสงเลเซอร์ 
(selective laser melting; SLM) โดยมีการปรับปัจจยัของทิศทางการหลอมซ ้ า ปัจจยัของเลเซอร์ และ
จ านวนการหลอมซ ้ าท่ีส่งผลต่อความเรียบผวิของช้ินงาน SLM ซ่ึงจากผลการทดลองในงานวจิยัน้ีได้
พบวา่การหลอมซ ้ านั้นสามารถช่วยใหล้ดความหยาบผวิของช้ินงาน SLM ได ้ โดยทิศทางช่วยลด
ความหยาบผวิไดดี้ท่ีสุดนั้นคือทิศทางท่ีตั้งฉากกบัทิศทางของ SLM  และนอกจากน้ียงัพบวา่ก าลงั
ของเลเซอร์ส าหรับการหลอมซ ้ า (Laser re-melting power; PLRM) นั้นควรจะมากกวา่หรือเท่ากบั
ก าลงัท่ีใชข้ึ้นรูปช้ินงาน SLM (PSLM) และความเร็วส าหรับการหลอมซ ้ า (laser re-melting scanning 
speed; VLRM) ควรเท่ากบัความเร็วท่ีใชข้ึ้นรูปช้ินงาน SLM (VSLM) การลดความหยาบผวิใหน้อ้ยลง
สามารถท าไดโ้ดยการเพิ่มก าลงัของเลเซอร์ส าหรับการหลอมซ ้ า (PLRM) หรือ เพิ่มจ านวนของการ
หลอมซ ้ าใหม้ากข้ึน ในการทดลองหลอมซ ้ าท่ีก าลงัของเลเซอร์ส าหรับการหลอมซ ้ าเท่ากบั 150W 
และความเร็วส าหรับการหลอมซ ้ าเท่ากบั 1000 mm/s ไดพ้บวา่สามารถลดความหยาบผวิของช้ินงาน 
SLM ไดจ้าก 21.99 µm เหลือเพียง 11.98 µm ซ่ึงคิดเท่ากบัการลดลง 45% ซ่ึงถา้หากท าการหลอมซ ้ า
เช่นน้ีซ ้ าเป็นจ านวน 3 คร้ังจะท าใหค้วามหยาบผวิลดลงไปเหลือเพียง 6.49 µm ซ่ึงเทียบเท่ากบัการ
ลดลง 70% เม่ือเทียบกบัผวิของช้ินงาน SLM แต่อยา่งไรก็ตามกระบวนการหลอมซ ้ าดว้ยแสงเลเซอร์
นั้นจะส่งผลใหค้วามสูงของช้ินงานลดลงประมาณ 10 µm แต่อยา่งไรก็ตามส่วนต่างน้ีสามารถน าไป
ปรับแต่งในแบบจ านวนก่อนการผลิตช้ินงานดว้ย SLM ภายหลงัได ้ นอกจากน้ีไดมี้การผา่ช้ินงาน
เพื่อศึกษาชั้นผวิของการหลอมซ ้ าและไดพ้บวา่ชั้นผวิน้ีมีความบางอยูท่ี่ต  ่ากวา่ 200 µm เท่านั้น แต่
อยา่งไรก็ตามไดพ้บวา่ค่าความแขง็ของชั้นผิวน้ีต ่ากวา่ค่าความแขง็ของ SLM แต่ยงัคงมากกวา่ค่า
ความแขง็ของโลหะผสมโคบอลโครเมียมท่ีท าจากการหล่อท่ีมีขายเชิงพานิชทัว่ไป แต่ค่าความแขง็
ของช้ินงาน LRM ท่ีแตกต่างไปนั้นอาจส่งผลต่อความสามารถในการตา้นทานการสึกหรอได ้ดงันั้น
ในงานวจิยัน้ีไดมี้การศึกษาคุณสมบติัการตา้นทานการสึกหรอดว้ยวธีิบอลออนดิสก ์ (ball-on-disk 
wear test) ของโลหะผสมโคบอลโครเมียมท่ีข้ึนรูปโดยการหล่อและวธีิ SLM เพื่อเปรียบเทียบกบั
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ช้ินงานท่ีหลอมซ ้ า แต่อยา่งไรก็ตามงานวิจยัน้ีไม่สามารถข้ึนรูปช้ินงานทดสอบการสึกหรอท่ีผา่น
การหลอมซ ้ าได ้ จึงไดท้  าการทดสอบเพียงช้ินงานท่ีข้ึนรูปดว้ยการหล่อและSLM ผลการทดลอง
พบวา่การตา้นทานการสึกหรอของช้ินงาน SLM นั้นสูงกวา่ช้ินงานท่ีท าจากการหล่อ ซ่ึงผลน้ีก็
สัมพนัธ์กบัผลของค่าทดสอบความแขง็ ซ่ึงสามารถพยากรณ์ไดว้า่ค่าความตา้นทานการสึกหรอของ
ช้ินงานท่ีผา่นการหลอมซ ้ านั้นอาจมีการตา้นทานการสึกหรอไดดี้กวา่ช้ินงานท่ีข้ึนรูปโดยการหล่อ
แต่มีแนวโนม้ท่ีจะนอ้ยกวา่การตา้นทานการสึกหรอของช้ินงาน SLM 

 
ค ำหลกั : การหลอมซ ้ าดว้ยเลเซอร์, กระบวนการหลอมโดยแสงเลเซอร์, โลหะผสมโคบอล
โครเมียม, การพฒันาคุณภาพผวิ, การพิมพส์ามมิติโลหะ 
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In order to improve the surface quality of selective laser molten (SLM) 

Cobalt Chromium (CoCr) alloy, a laser re-melting (LRM) process was applied on the 

top surface of SLM specimens. The effect of scanning direction, laser processing 

parameters and scanning number of LRM process on the surface quality of SLM 

specimens were examined in this study. According to the experimental results, the 

direction of LRM process in the cross direction to the SLM direction performed as the 

best condition to reduce the surface roughness. Furthermore, LRM process proved to 

reduce the surface roughness of SLM specimen. Laser re-melting power (PLRM) is 

recommended to be equal or more than the laser power used for SLM (PSLM) and laser 

re-melting scanning speed (VLRM) should be as same as the scanning speed of SLM 

(VSLM). In addition, the surface roughness can be reduced by increasing the laser re-

melting power (PLRM) and the repeated number of LRM process. It was found that the 

LRM condition at PLRM=150W and VLRM=1000 mm/s could reduce the surface 

roughness of SLM specimen by 45% from about 21.99 to 11.98 m. Repeating LRM 

process for 3 times, the surface roughness reduced by 70% from 21.99 to 6.49 m. 

However, LRM process resulted in the reduction of specimen’s height by 

approximately 10 m. Nevertheless, this dimension error can be later added to 

compensate the dimension of 3D model before printing the part. In addition, the LRM 

layer was observed to be very thin layer which had a thickness within 200 m. There 

is an evidence that there was a decrease of hardness within the LRM layer. The 

hardness of LRM layer was lower than SLM specimen and higher than that of a 

commercial casted specimen. Therefore, the change of hardness could affect to the 

wear behavior of CoCr alloy. Then, the ball-on-disk wear tests were conducted to 

compare the wear resistance between SLM CoCr alloy and a commercial casted CoCr 

alloy (With technical problem, LRM wear specimen was unable to fabricate). SLM 

CoCr alloy showed better wear resistance comparing with a commercial casted CoCr 

alloy. This agrees with the result of the hardness value which SLM CoCr alloy show 

higher in hardness compared with casted CoCr alloy.  

 

Keywords : Laser re-melting, Selective laser melting, Cobalt chromium alloys,  

                            Surface improvement, Metal 3D Printing 
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Executive Summary 

 
 

Nowadays, innovation save lives and improve the quality of the health care. 

Metal 3D printing, also known as selective laser melting (SLM) process, is one of 

emerging technology, which could change the world of medical device manufacturing 

in the years to come. This technology empowers doctors, engineers and medical 

device manufacturers to work faster to create personalized products from a 3D 

computer-aided design (CAD) models based on digital images from non-invasive 

patient diagnostic scans. With SLM technology, medical devices and medical 

implants can be made to exacting specification in an accurate size and shape with very 

tight tolerances to ensure an optimal fit inside the patient. However, the surface 

quality of SLM printed part is relatively poor. The post processes for surface finishing 

are required such as using CNC machine which results in higher production time and 

cost. Moreover, dimension error can be occurred during setup sample in CNC 

machine causing inaccurate size and shape of products. 

Laser re-melting (LRM) process is a surface modification technique which can 

be used to solve the problem of surface finishing. LRM process uses a laser in SLM 

machine to remelt the surface of SLM printed parts to be smoother surface. There is 

no need to remove sample out of machine to complete surface finishing. This leads to 

the elimination of dimension error problem and the reduction of production time 

while the LRM fabrication time is very fast. So, we are able to build and surface 

finish a metal parts in only one machine. 

LRM process does not only help to improve the surface roughness of materials 

but it can be used to modify surface properties as well. The microstructures and 

mechanical properties can be altered depending on the heat induced by LRM process. 

If we adjust proper LRM processing parameters. We can obtain both roughness and 

desired properties. For this reason, LRM process can be embedded as a one function 

in SLM machine without paying additional cost. This technique can be applied to any 

metals and any kinds of applications. The results from this research already proved 

the advantage after applying LRM process on the surface of SLM sample. The 

roughness of SLM part can be reduced up to 70% in this research. The further study 

of LRM behavior will be continuous to improve the better performance of LRM 

process for metal 3D printing. 
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งานวจิยัน้ีไดมี้การน ากระบวนการหลอมซ ้ าดว้ยเลเซอร์ (Laser re-melting; LRM) มาใชเ้พื่อ
พฒันาคุณภาพผวิของโลหะผสมโคบอลตโ์ครเมียมท่ีข้ึนรูปโดยกระบวนการหลอมโดยแสงเลเซอร์ 
(selective laser melting; SLM) โดยมีการปรับปัจจยัของทิศทางการหลอมซ ้ า ปัจจยัของเลเซอร์ และ
จ านวนการหลอมซ ้ าท่ีส่งผลต่อความเรียบผวิของช้ินงาน SLM ซ่ึงจากผลการทดลองในงานวจิยัน้ีได้
พบวา่การหลอมซ ้ านั้นสามารถช่วยใหล้ดความหยาบผวิของช้ินงาน SLM ได ้ โดยทิศทางช่วยลด
ความหยาบผวิไดดี้ท่ีสุดนั้นคือทิศทางท่ีตั้งฉากกบัทิศทางของ SLM  และนอกจากน้ียงัพบวา่ก าลงั
ของเลเซอร์ส าหรับการหลอมซ ้ า (Laser re-melting power; PLRM) นั้นควรจะมากกวา่หรือเท่ากบั
ก าลงัท่ีใชข้ึ้นรูปช้ินงาน SLM (PSLM) และความเร็วส าหรับการหลอมซ ้ า (laser re-melting scanning 
speed; VLRM) ควรเท่ากบัความเร็วท่ีใชข้ึ้นรูปช้ินงาน SLM (VSLM) การลดความหยาบผวิใหน้อ้ยลง
สามารถท าไดโ้ดยการเพิ่มก าลงัของเลเซอร์ส าหรับการหลอมซ ้ า (PLRM) หรือ เพิ่มจ านวนของการ
หลอมซ ้ าใหม้ากข้ึน ในการทดลองหลอมซ ้ าท่ีก าลงัของเลเซอร์ส าหรับการหลอมซ ้ าเท่ากบั 150W 
และความเร็วส าหรับการหลอมซ ้ าเท่ากบั 1000 mm/s ไดพ้บวา่สามารถลดความหยาบผวิของช้ินงาน 
SLM ไดจ้าก 21.99 µm เหลือเพยีง 11.98 µm ซ่ึงคิดเท่ากบัการลดลง 45% ซ่ึงถา้หากท าการหลอมซ ้ า
เช่นน้ีซ ้ าเป็นจ านวน 3 คร้ังจะท าใหค้วามหยาบผวิลดลงไปเหลือเพียง 6.49 µm ซ่ึงเทียบเท่ากบัการ
ลดลง 70% เม่ือเทียบกบัผวิของช้ินงาน SLM แต่อยา่งไรก็ตามกระบวนการหลอมซ ้ าดว้ยแสงเลเซอร์
นั้นจะส่งผลใหค้วามสูงของช้ินงานลดลงประมาณ 10 µm แต่อยา่งไรก็ตามส่วนต่างน้ีสามารถน าไป
ปรับแต่งในแบบจ านวนก่อนการผลิตช้ินงานดว้ย SLM ภายหลงัได ้ นอกจากน้ีไดมี้การผา่ช้ินงาน
เพื่อศึกษาชั้นผวิของการหลอมซ ้ าและไดพ้บวา่ชั้นผวิน้ีมีความบางอยูท่ี่ต  ่ากวา่ 200 µm เท่านั้น แต่
อยา่งไรก็ตามไดพ้บวา่ค่าความแขง็ของชั้นผิวน้ีต ่ากวา่ค่าความแขง็ของ SLM แต่ยงัคงมากกวา่ค่า
ความแขง็ของโลหะผสมโคบอลโครเมียมท่ีท าจากการหล่อท่ีมีขายเชิงพานิชทัว่ไป แต่ค่าความแขง็
ของช้ินงาน LRM ท่ีแตกต่างไปนั้นอาจส่งผลต่อความสามารถในการตา้นทานการสึกหรอได ้ดงันั้น
ในงานวจิยัน้ีไดมี้การศึกษาคุณสมบติัการตา้นทานการสึกหรอดว้ยวธีิบอลออนดิสก ์ (ball-on-disk 
wear test) ของโลหะผสมโคบอลโครเมียมท่ีข้ึนรูปโดยการหล่อและวธีิ SLM เพื่อเปรียบเทียบกบั



ช้ินงานท่ีหลอมซ ้ า แต่อยา่งไรก็ตามงานวิจยัน้ีไม่สามารถข้ึนรูปช้ินงานทดสอบการสึกหรอท่ีผา่น
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พบวา่การตา้นทานการสึกหรอของช้ินงาน SLM นั้นสูงกวา่ช้ินงานท่ีท าจากการหล่อ ซ่ึงผลน้ีก็
สัมพนัธ์กบัผลของค่าทดสอบความแขง็ ซ่ึงสามารถพยากรณ์ไดว้า่ค่าความตา้นทานการสึกหรอของ
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In order to improve the surface quality of selective laser molten (SLM) 

Cobalt Chromium (CoCr) alloy, a laser re-melting (LRM) process was applied on the 

top surface of SLM specimens. The effect of scanning direction, laser processing 

parameters and scanning number of LRM process on the surface quality of SLM 

specimens were examined in this study. According to the experimental results, the 

direction of LRM process in the cross direction to the SLM direction performed as the 

best condition to reduce the surface roughness. Furthermore, LRM process proved to 

reduce the surface roughness of SLM specimen. Laser re-melting power (PLRM) is 

recommended to be equal or more than the laser power used for SLM (PSLM) and laser 

re-melting scanning speed (VLRM) should be as same as the scanning speed of SLM 

(VSLM). In addition, the surface roughness can be reduced by increasing the laser re-

melting power (PLRM) and the repeated number of LRM process. It was found that the 

LRM condition at PLRM=150W and VLRM=1000 mm/s could reduce the surface 

roughness of SLM specimen by 45% from about 21.99 to 11.98 m. Repeating LRM 

process for 3 times, the surface roughness reduced by 70% from 21.99 to 6.49 m. 

However, LRM process resulted in the reduction of specimen’s height by 

approximately 10 m. Nevertheless, this dimension error can be later added to 

compensate the dimension of 3D model before printing the part. In addition, the LRM 

layer was observed to be very thin layer which had a thickness within 200 m. There 

is an evidence that there was a decrease of hardness within the LRM layer. The 

hardness of LRM layer was lower than SLM specimen and higher than that of a 

commercial casted specimen. Therefore, the change of hardness could affect to the 

wear behavior of CoCr alloy. Then, the ball-on-disk wear tests were conducted to 

compare the wear resistance between SLM CoCr alloy and a commercial casted CoCr 

alloy (With technical problem, LRM wear specimen was unable to fabricate). SLM 

CoCr alloy showed better wear resistance comparing with a commercial casted CoCr 

alloy. This agrees with the result of the hardness value which SLM CoCr alloy show 

higher in hardness compared with casted CoCr alloy.  

 

Keywords : Laser re-melting, Selective laser melting, Cobalt chromium alloys,  

                            Surface improvement, Metal 3D Printing 

 

 



1 

 “Surface Improvement of Selective Laser Molten 

Cobalt Chromium Alloy by Laser Re-Melting Technique” 

 

 

1. Introduction 

 

Selective Laser Melting (SLM) process is one of the additive 

manufacturing processes that fabricates three-dimensional metal parts using laser 

to fully melt metal powder layer by layer [1,2]. SLM process can create complex 

geometry and individualized components, therefore it is suitable for medical and 

dental applications, for example, femoral head for a total hip replacement as 

shown in Fig.1 [3]. Cobalt Chromium (CoCr) alloys are commonly used for 

femoral head because of their good combination of mechanical strength and 

ductility [4]. In practical, surface smoothness reduces over time accelerating wear 

in liner’s surface which leads to failure of components. Therefore, it is important  

 

 

Fig.1 Components for total hip replacement [3]. 
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to improve surface roughness and hardness of SLM part’s surface without 

decreasing desired ductility of the substrate. 

In order to improve the surface roughness of SLM parts, the conventional 

machining processes are required as a post process to make a smoother surface, 

for example CNC milling, resulting in the increase of production time. Therefore, 

it is a challenge to improve surface quality of SLM without using other post 

processes. In general, processing parameters such as laser power, scanning speed, 

laser defocus and hatch spacing are varied to find the suitable conditions to reduce 

the surface roughness. However, the surface roughness of SLM is still poor to 

apply into medical applications [5].  

Laser re-melting is a surface modification technique which generally 

used after the conventional-manufacturing processes to re-melt surface of 

materials to improve surface quality such as hardness, wear resistance, corrosion 

resistance, wettability and roughness.  Principle of laser re-melting is shown in 

Fig.2 [6]. Heat energy generated by laser beam is applied on the rough surface to 

re-melt uneven area, then the molten area will be solidify to be a smoother surface  

 

 

Fig.2 Laser re-melting process. 
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as illustrated in Fig.2. Therefore, it is interesting to introduce this technique to 

SLM parts to improve the surface quality after SLM process without using other 

conventional manufacturing processes. In some research works also apply laser 

re-melting in every layers during SLM process. This could lead to reducing in 

porosity and increasing in the density of each layers of SLM parts which could 

enhance the mechanical strength and the fatigue life [7]. 

E. Yasa et al. applied a laser re-melting process on each layer of 316L 

stainless steel powders during SLM process, it was found that laser re-melting 

results in the reduction of the porosity in inner density and shell density of SLM 

part [7,8]. Moreover, the surface roughness found to be varied depending on the 

inclination angle of surface at the same laser re-melting condition. After apply 

laser re-melting on the variety of inclined surface, it is clear that the roughness 

increased with increasing in the inclination angle of surface. The results also 

showed that the laser re-melting can reduced the roughness by 10-15% compared 

with as-fabricated SLM part. Moreover, Costel-Relu Ciubotariu et al. reveals that 

the number of re-melting scan can enhance the surface quality of Stellite 6 coating 

layer on martensite stainless steel type 1.4313 [9]. 

To improve the wear resistance, nitrogen-ion implantation is an 

alternative to improve surface hardness of CoCr alloy by diffusing a nitrogen ion 

into substrate’s surface to form a thin ceramic nitride film on surface to enhance 

wear resistance and to reduce friction [10]. Furthermore, there is a report that 

using laser re-melting to improve hardness and wear resistance of materials. Laser 

re-melting generates the heat to induce the microstructural and phase 

modifications which can improve the hardness in the re-melting zone of steel [11].  
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For this reason, this research aims to improve the surface quality of SLM 

parts by using a laser re-melting technique on the surface of SLM parts. With the 

high energy laser beam, it is able to melt a rough surface of SLM parts and 

solidify to smoother surface. Moreover, the microstructures and properties of 

material’s surface can modified depending on the LRM processing parameters. 

Furthermore, the laser re-melting will be conducted in the nitrogen environment in 

order to form a thin nitride layer on the surface to increase the hardness and the 

wear resistance.  

 

2. Objective 

 

This research aims to introduce a laser re-melting (LRM) technique to 

improve surface quality of CoCr alloy after the selective laser melting (SLM) 

process in the N2 environment. Moreover, surface roughness, mechanical 

properties and wear resistance of LRM specimens were also investigated in this 

study. Furthermore, the dimension change due to LRM process were also clarify 

in this work 

 

3. Methodology 

 

This research works divided into three main experiments. Firstly, the 

effect of scanning direction, laser power and scanning speed of the laser re-

melting (LRM) process were studied. In the next step, the effect of scanning 

number of laser re-melting were examined in order to improve surface quality. 
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Finally, preliminary study of wear behavior of CoCr alloy were carried out in this 

study. 

 

3.1 Scanning direction, laser power and scanning speed tests 

 

Cobalt-Chromium (Co-Cr) alloy ASTM F75 powders are used in this 

research. The chemical compositions are shown in Table 1. CoCr alloy powders 

are in spherical shape as shown in Fig.3. The particle size distribution are ranged 

from 20 to 45 m with the average particle size of 36 m as shown in Table 2. 

Self-developed SLM machine manufactured by the National Metal and Materials 

Technology Center (MTEC) were used in this experiments as shown in Fig.4. This 

machine is equipped with the continuous wave (CW) fiber laser with the 

wavelength of 1064 nm. The maximum power input is 300W. The laser spot size 

is approximately 80 µm. In the experiments, SLM specimens were fabricated into 

the size of 10×10×5 mm3 as shown in Fig.5. SLM specimens were printed on the 

SS400 steel platform. The experimental conditions were summarized in Table 3.  

 

 

Fig.3  CoCr alloy powder particles morphology (a) 500 Magnification 

and (b) 1000 Magnification. 
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Table 1 The chemical compositions of Cobalt-Chromium (Co-Cr) alloy ASTM 

F75. 

Element % Element % Element % 

Cr 28.7% K 0.27% N 0.16% 

Mo 5.8% La 0.27% Ni 0.16% 

Ge 1.36% Na 0.27% Sr 0.14% 

In 1.36% Pb 0.27% H 0.13% 

Nb 1.36% Sn 0.27% O 0.016% 

Se 1.36% Te 0.27% W 0.012% 

Tl 1.36% Zn 0.27% P 0.009% 

V 1.36% Zr 0.27% S 0.004% 

Si 0.68% C 0.19% Ti 0.002% 

Mn 0.56% Fe 0.16% Co Balance 

 

Table 2 The particle size distribution. 

Size (µm) % 

>45  1.6 

20<size<45  94.1 

<20 4.3 

 

Table 3 Experimental conditions 

Processing 

parameters 
SLM 

LRM 

Scanning 

direction test 

PLRM and VLRM 

tests 

Laser power (P) 100 W 50, 100, 150 W 50, 75, 100, 125, 150 W 

Scanning speed (v) 1,000 mm/s 1,000 mm/s 500, 1000, 1500 mm/s 

Hatch spacing (H) 180 µm 180 µm 180 µm 

Layer thickness (t) 100 µm - - 

Environment N2 N2 N2 

Direction of LRM - 0, 45, 90 90 
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Fig.4 SLM and LRM processes. 

 

Fig.5 SLM Specimen. 
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Fig.6 LRM specimen. 

 

Laser power (PSLM) and scanning speed (VSLM) were 100 W and 1000 mm/s, 

respectively. Moreover, the 99.99% of N2 was supplied in the SLM machine’s 

chamber to prevent specimens from the oxidation. In SLM process, powders layer 

of 100 µm thickness (t) were selectively melted to into a single line and each 

single lines were connected with the hatch spacing (h) of 180 µm following by 

edge contouring as shown in Fig.5. Then, the next layer were built on the top of 

the previous layer in the cross direction (90) to previous layer. After the 

fabrication of SLM specimen, laser re-melting (LRM) process was applied on the 

top surface of SLM specimen in the scanning direction of 0, 45 and 90 to Nth 

layer of SLM in order to find the proper direction for LRM as shown in Fig.6. 

After obtain the proper direction of LRM scan, laser re-melting power (PLRM) and 

scanning speed (VLRM) were varied in the next experiments. The parameters were 

selected to be lower and higher than the laser power (PSLM) of 100 W and the 

scanning speed (VSLM) of 1000 mm/s. Laser re-melting power (PLRM) were tested 

at 50, 75, 100, 125 and150 W. For the scanning speed (VLRM), this parameter were 

varied at three levels which were 500, 1000 and 1500 mm/s in the experiments. 

The hatch spacing (h) was fixed at 180 µm during LRM process as shown in 

Fig.5. 
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After the tests, the surface observation and material analysis were carried 

out. Surface appearance was observed by a digital microscope, confocal laser 

scanning microscope and scanning electron microscope (SEM) to examine the 

LRM surface. Surface roughness were measured by non-contact method using a 

confocal laser scanning microscope. Moreover, specimens were cut and ground to 

observe the macro- and microstructure in the LRM layer. Specimens were etched 

by the electrolytic etching at E=3V for 3-5 s using the solution of 20 ml of nitric 

acid (HNO3) and 60 ml of hydrochloric acid (HCl). In addition, the effect of LRM 

on the change of dimension were carried out by a coordinate measuring machine 

(CMM). Hardness were measured using a Rockwell hardness tester and Vickers 

hardness tester.  

 

3.2 Scanning number test 

 

As LRM process may help to improve the surface quality, then if we 

repeat this process for several times, there is a possibility that we could improve 

better surface quality. For this reason, the numbers of LRM scan were varied and 

examined in this study as well. The numbers of LRM scan (NLRM) were processed 

from 1-3 times as shown in Fig.7. The experimental conditions are summarized in 

Table 4. 
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Fig.7 Specimens of the scanning number of laser re-melting test. 

 

Table 4 Experimental conditions for the scanning number of laser re-melting tests 

Processing parameters SLM  
LRM 

scanning number test 

Laser power (P) 100 W 50, 100, 150 W 

Scanning speed (v) 1,000 mm/s 1000 

Hatch spacing (H) 180 µm 180 µm 

Layer thickness (t) 100 µm - 

Environment N2 N2 

Direction of LRM - 90 

Number of LRM scan - 1,2,3 

 

 

3.3 Wear tests 

 

Wear tests were conducted to compare the wear resistance of CoCr alloy. 

Ball-on-disk wear tests were conducted referring to ASTM G133-05 standard test 

method for linearly reciprocating ball-on-flat sliding wear using an Anton Paar 

Tribometer as shown in Fig.8. Wear disk made of casted CoCr alloy and SLM  
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Fig.8 Anton Paar Tribometer. 

 

CoCr alloy. Wear disk was ground until the surface roughness (Ra) was less than 

0.8 µm to meet the requirement of testing standard. However, the surface of LRM 

disk revealed very poor surface roughness. Once, we polished the top surface to 

obtain Ra<0.8 µm, all the LRM layer were polished and removed from specimen. 

For this reason, the wear tests were conducted only for casted CoCr alloy and 

SLM CoCr alloy. 

Wear disks were fabricated into the diameter of 42 mm and the thickness 

of 15 mm. SLM disk was fabricated with the laser power (PSLM) of 100 W and 

scan speed (VSLM) of 1000 mm/s in N2 environment as shown in Fig.9 and Fig.10.  

 

 

Fig.9 SLM and LRM disks for wear test. 
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Fig.10 SLM disk. 

 

Fig.11 alumina (Al2O3) ball 

 

Scanning strategy was chess board with the hatch spacing (h) of 180 µm and layer 

thickness (t) of 100 µm. In the experiments, alumina (Al2O3) ball with the 

diameter of 6 mm was used as shown in Fig.11. The properties of alumina ball are 

presented in Table 5. Alumina ball was applied on a CoCr disk at the wear track 

(Rt) of 18 mm with the load of 10 N as shown in Fig.12. Wear tests were carried 

out with the sliding speed (V) of 300 mm/s and the sliding distance (d) of 3000 m. 

Testing conditions were listed in Table 6.  
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Fig.12 Wear test conditions. 

 

Table 5 The properties of alumina ball 

Material 99 % Alumina (Al2O3) 

Ball diameter 6 mm 

Hardness (HRC) >65 

Density 0.0034 g/mm3 

 

Table 6 Wear test conditions. 

Load (F) 10 N 

Sliding Speed (V) 300 mm/s   

Rotation speed 158.89 rpm 

Distance (d) 3000 m 

Radius of wear track (Rt) 18 mm 

Temperature, Humidity 25ºC ,  40-55 %RH 

Diameter 6 mm 

Hardness  >65 HRC 

Density 0.0034 g/mm3 

material Density  (ρ) 

Ball Alumina  0.0034 g/mm3 

Cobalt Chromium Alloy (Casting)  0.00841 g/mm3 

Cobalt Chromium Alloy (SLM) 0.0083 g/mm3 
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4. Results and Discussion 

 

SLM and LRM specimens were built successfully as shown in Fig. 13. 

The experimental results are described in the following sections. 

 

 

Fig.13 SLM and LRM specimens on the building platform. 

 

4.1 The effect of scanning direction on LRM process 

 

Before conducting LRM tests, SLM specimen was fabricated and 

measured the surface roughness. The surface roughness were measured in the 

direction of 0, 45 and 90 to Nth layer. The average roughness measured on 

SLM surface are shown in Fig.13. It can be seen that the average roughness values 

show the highest number in the 90 direction to Nth layer. Therefore, the 

roughness measured in the cross direction to fabrication direction shows the 

critical roughness value in the specimen. If we can improve the critical roughness 

value to be lower, then the overall roughness of specimen may reduce. Thus,  
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Fig.13 Average roughness of SLM specimens (PSLM=100 W, VSLM=1000 mm/s)  

measured in 0,45,90 to Nth layer. 

 

Table 7 The surface observation of LRM specimens in the different scanning 

direction by using digital microscope. 
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Table 8 The surface observation of LRM specimens in the different scanning 

direction by using scanning electron microscope (SEM).  

 

 

surface roughness in this research will be measured in the perpendicular direction 

to the LRM direction to find the critical roughness value in the specimens.  

Next, the surface roughness of SLM specimen (PSLM=100 W, VSLM=1000 

mm/s) were measured in 90 to the top layer (Nth layer) and the average roughness 

(Ra) was 21.99 m. In the next step, the LRM experiments were conducted in the 

different direction of LRM scan and the results revealed in Table 7 and Table 8. 

Then, the surface roughness were measured on the LRM surface layer of 

every conditions. The measurement of roughness were carried out in the cross 

direction to the LRM scanning direction as can be seen in Fig.14. The results of  
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surface roughness are shown in Fig.15. It is obvious that LRM direction in 90 to 

Nth layer direction shows lower in roughness (Ra) in every level of laser power. 

For these reason, LRM direction were selected and set at 90 to Nth layer direction 

in the next experiments. 

 

 

Fig.14 Surface roughness were measured in the cross direction to 

 the LRM direction 

 

 

Fig.15 Surface roughness of LRM specimens with the difference of 

the scanning direction. 
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4.2 The effect of laser power and scanning speed of LRM process 

 

Laser power (PLRM) and scanning speed (VLRM) of LRM were varied to 

study the effect of them on the surface quality of SLM specimens. LRM 

specimens were built successfully in the conditions of the laser re-melting power 

(PLRM) of 50, 75, 100, 125, 150 W and the scanning speed (VLRM) of 500, 1000, 

1500 mm/s. The experimental results are described in the following sections. 

 

4.2.1 Surface and cross-sectional area observation 

 

Surface appearance of laser re-melting (LRM) specimens are shown in 

Table 9 and Table 10. It can be noticed that LRM surface patterns are classified  

 

 

Table 9 The surface observation of LRM specimens in the different laser power 

and scanning speed by using digital microscope. 
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Table 10 The surface observation of LRM specimens in the different laser power 

and scanning speed by using scanning electron microscope (SEM). 

 

 

 

Fig.16 Surface patterns of SLM and LRM specimens. 

 

into two patterns; mesh- and stripe patterns as shown in Fig.16. When the laser re-

melting power (PLRM) were lower than 100 W, it reveals a mesh-like surface 

patterns on the LRM surface. The pattern becomes in a stripe-like surface pattern 

when laser power is over 100 W.   The average width of LRM lines (Wsurface(LRM)) 

were measured on the specimen surface compared with the average of width of 

SLM line (Wsurface(SLM)) as shown in Fig.17. It is clear that Wsurface(LRM) are equal 

and higher than Wsurface(SLM) when PLRM are higher than 100 W. From these results,  
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Fig.17 The average width of LRM on the specimen surface  

in the different levels of PLRM and VLRM. 

 

Table 11 Cross-sectional section of SLM specimen and LRM specimens using a 

confocal laser scanning microscope. 
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it is obvious that the Wsurface(LRM) increased with increasing of PLRM and decreasing 

of VLRM 

Moreover, the cross sectional-area of SLM and LRM specimens were 

observed as shown in Table 11. LRM layer was scanned in the cross direction to 

the Nth layer of SLM specimen. In each LRM conditions, the width (Wcross-

section(LRM)) and the laser penetration depth (Dcross-section(LRM)) of LRM line in the 

cross-sectional area (Fig.18) were measured and plotted in the Fig.19 and Fig.20, 

respectively. 

According to Figure 19 and Figure 20, it reveals that the width and depth 

of LRM layer increased with increasing of PLRM and decreasing of VLRM. The 

LRM lines became to connect to each other when PLRM  is more than 75 W. At 

lower power, the width was less than the hatch spacing (H) which was 180 m. 

For this reason, there are a discontinuous between each scanning lines resulting in 

the meshed-like pattern in the LRM layer as shown in Fig.21. For the penetration 

depth of LRM layers, they were lower than 200 m which were less than the 

depth of the Nth layer of SLM specimen in every conditions. Therefore, there is no 

effect of LRM inside the core material. 

 

 

Fig.18 The cross-sectional LRM pattern. 
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Fig.19 The average width of LRM lines in the cross-sectional area in the different 

levels of PLRM and VLRM. 

 

 

Fig.20 The average penetration depth of LRM lines in the cross-sectional area in 

the different levels of PLRM and VLRM. 
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Fig.21 The effect of the width of LRM lines on LRM patterns. 

 

 

Fig.22 Average roughness (Ra) of LRM specimens measured in the perpendicular 

direction to Nth layer. 
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4.2.2 Surface roughness 

 

The roughness were measured in the direction of 90 to LRM direction in 

all cases and summarized in Fig.22. It is clear that laser re-melting process leads 

to the reduction of surface roughness in all cases except at the condition of 

PLRM=50 W. Surface roughness decreased with increasing PLRM. However, it was 

found that VLRM at 1000 mm/s (equal to VSLM) shows better surface roughness 

compared with other levels of VLRM. According to the results, the surface could 

reduce by 45% after applying LRM process. The lowest surface roughness which 

could obtain in this experiment was about 11.976 m from the experimental 

condition of PLRM=150 W and VLRM=1000 mm/s.  

 

4.2.2 Hardness 

 

Macro-hardness tests were conducted using a Rockwell scale C hardness 

tester on the top surface of SLM and LRM specimens and the results are shown in 

Fig.23. It can be seen that LRM leads to the decline of hardness value when 

compared with SLM specimen (47.77 HRC). In addition, the hardness value of 

LRM specimens become close to the commercial casted CoCr ASTM 75 (39 

HRC). However, it is remarks that the depth of LRM layer in each LRM 

specimens were different as reported in Fig.20. Then, micro-hardness tests were 

conducted at the center of LRM layers in the cross-sectional area and results are 

shown in Fig.24. The micro-hardness numbers shows the same trend as micro-

hardness numbers where the LRM process resulted in lower hardness value 

compared to SLM specimens and still higher than casting specimen. 
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Fig.23 Average macro-hardness (HRC) of SLM and LRM specimens. 

 

 

Fig.24 Average micro-hardness (HV) of SLM and LRM specimens. 

 

4.2.3 Dimension 

 

During the LRM process, SLM surface was melted and modified by laser 

and may lead to the change of dimension. Then, the effect of LRM process on the 

specimen dimension was investigated using a Coordinate Measuring Machine 
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(CMM). The height of LRM specimen (PLRM=150 W, VLRM=1000 mm/s) was 

compared with the height of SLM specimen. It was found that the height of LRM 

specimen reduced by 11.8 m. This value agrees with the value measured in cross 

sectional area as shown in Fig.25 that is about 12 m. From this result, we can see 

that there was a slight decrease in the height of LRM specimen compared to SLM 

specimen. However, the difference of height depends on the LRM conditions. 

 

 

Fig.25 Comparison between the cross-sectional area of SLM and LRM (PLRM=150 

W, VLRM=1000 mm/s) specimens. 

 

4.3 The effect of scanning number of LRM process 

 

 LRM specimens were fabricated with different repeated numbers of LRM 

process and results are described as the following discussion. 

 

4.3.1 Surface and cross-sectional area observation  

 

 Surface observation of LRM specimens with different repeated numbers of 

LRM scan were shown in Table 12. According to the results, the surface patterns 

showed in two patterns. At lower power (PLRM=50W), mesh-liked pattern was  
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Table 12 The surface observation of LRM specimens in the different scanning 

number by using scanning electron microscope (SEM). 

 

Table 13 The cross-sessional area of LRM specimens in the different scanning 

number by using scanning electron microscope (SEM). 
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found at every repeated number of LRM. At PLRM  PSLM, the LRM surface is 

strip-liked pattern.  

 Considering the cross-sectional area in Table 13, the width and the depth 

of melting pools were measured and shown in Fig.26 and Fig.27, respectively. 

The melting pools of LRM layer at PLRM=50W were relatively small and the width 

was less than the hatch spacing value (180µm). Each melt pools in this case did 

not overlap to each other causing mesh-liked pattern in these cases. For stripe-

liked pattern, the melting pools overlapped each other as can be seen in the 

specimen at PLRM>50W. According to the results of depth, it can be recognized 

that the depth increased with increasing in the scanning number. This may be due 

to higher accumulated heat induced larger depth when increasing scanning 

numbers of LRM. 

 

 

Fig.26 The average width of LRM lines in the cross-sectional area  

in the different scanning numbers of LRM process. 
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Fig.27 The average depth of LRM lines in the cross-sectional area 

 in the different scanning numbers of LRM process. 
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Fig.28 The average surface roughness of LRM specimens at 

 the different scanning numbers of LRM process. 
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4.3.2 Surface roughness 

 

Surface roughness was measured and presented in Fig. 28. It is obvious 

that the increase of scanning number caused lower in roughness. The percentage 

of roughness reduction was calculated and plotted in Fig.29. The reduction rate is 

high when LRM was applied for first time. Later, the roughness reduced by about 

10% at each repeated scanning of LRM process. From this experiments, it can be 

seen that if we re-melt SLM specimen at PLRM=150W and VLRM=1000 mm/s for 3 

times, the roughness can be reduced by 70% to about 6.493 m. 

 

 

Fig.29 The percentage of roughness reduction compared with SLM specimen. 
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4.4 Wear behavior 

Figure 30 shows the appearance of wear disks after wear test. There are 

wear debris generated near wear track. According to Table 6, Wear area of casted 

disk can be easily seen compared to wear area of SLM disk. Moreover, there are 

amount of debris embedded on the alumina ball where there are no evidence that  

 

 

(a) Cast                                                             (b) SLM 

Fig.30 Appearance of (a) casted and (b) SLM disk after wear test. 

 

alumina balls were worn during the test. For these reason, the wear disks and balls 

were measured the change of eight before and after test, then the mass loss can be 

plot in the Fig. 31. This can be the evidence that wear occurred mostly on disk 

side and there is almost no wear occurred on alumina ball side. Moreover, wear 

rate (W) can be calculated using the following equation; 

           (Eq.1) 

where the density () of casted CoCr, SLM CoCr and alumina are 0.00841, 

0.0083 and 0.0034 g/mm3 respectively. Wear rate are calculated and shown in 
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Fig.32. Wear rate of SLM is about 2.04 mm3/m which is relatively lower than that 

of casted specimen. In addition, hardness tests were conducted at testing disk as 

shown in Fig.33. This reveals that hardness of SLM is slightly greater than casting 

which may affect to the difference of wear resistance. 

 

Table 14 SEM image of surface appearance after wear test. 

 

 

 

Fig.31 Mass loss due to wear test. 
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Fig.32 Wear rate 

 

Fig.33  Hardness of casted and SLM disk. 

 

During wear tests, the profile of the friction coefficient () between 

Alumina ball and casted disk were measured as shown in Fig.34 and the average 

friction coefficient was about 0.432 which is higher than that of SLM. The 

average friction coefficient between alumina ball and SLM disk was 0.405. 

Higher friction coefficient results in higher wear rate in casting specimen. In 

addition, the penetration depth was measured where the zero setting point is at the 

Casting SLM 
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contact point between ball and disk. We can see that the penetration depth along 

wear tests were different between SLM and cast conditions as shown in Fig.35. 

Total penetration depth for casted disk reached to 5.434 m while it was 

only 3.413 for SLM disk. After experiment, disks were well cleaned and measure 

the depth at wear track using a confocal microscope. It is obvious that the depth of 

 

 

Fig.34 Friction coefficient between alumina ball and tested disks. 

 

 

Fig.35 Penetration depth during wear test. 
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Fig.36 Surface condition and profile across wear track. 

 

wear tracks reached to almost 20 and 30 for SLM and casting, respectively, as 

shown in Fig.36. The depth of wear track during the test are less than direct 

measurement due to the debris accumulated between ball and disk. However, we 

can discuss the wear behavior from the difference in the change of penetration 

depth in Fig.35. 

According to penetration depth, we can recognize that wear behavior can 

be divided into three stages for both Cast and SLM condition. At first stage, 

penetration depth suddenly dropped due to the sliding friction between disk and 

ball as shown in Fig.37. Wear mechanism is two-body abrasive at this stage. 

Later, wear debris were generated and accumulated between the contact area 

between disk and ball as shown in Fig.38, consequently the penetration depth  
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Fig.37 Two-body abrasive wear between alumina ball and CoCr disk. 

 

       

Fig.38 Wear debris generated on the surface of alumina ball and CoCr disk. 

 

 

Fig.39 Three-body abrasive wear between alumina ball-CoCr disk-wear debris. 
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Fig.40 Fretting wear 

 

reveals different wear rate. Wear rate becomes higher at the second stage. At this 

stage, wear debris might rolled between the contact surface and this may lead to 

the acceleration of wear rate (Fig.39). Therefore, the causes of wear came from 

sliding friction due to the contact of ball and disk and rolling friction of wear 

debris between the surface of ball and disk. During wear test, the heat 

accumulated on the wear track surface and lead to oxidation at this stage. Thin 

metal oxide (MxOy) layer was formed on the wear track caused the reduction of 

wear rate as shown in Fig.40. As the disk was subjected to wear load, thin oxide 

layer broke and release as debris then the new layers were formed again. The 

evidence of oxygen on wear track were shown in Table 15 and Table 16. The wear 

mechanism of this stage is fretting wear. 
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Table 15 Material analysis of casted CoCr disk and wear debris. 
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Table 16 Material analysis of SLM CoCr disk and wear debris.  
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5. Conclusion 

 

This research aims to apply a laser re-melting (LRM) technique to improve 

surface conditions of Cobalt Chromium (CoCr) alloy after the selective laser 

melting (SLM) process. The effect of scanning direction, laser processing 

parameters and scanning number of LRM process on the surface quality of SLM 

specimens were examined in this study. Moreover, surface roughness, mechanical 

properties and wear resistance of LRM specimens were also investigated to 

understand the behavior of CoCr alloy after LRM process. CoCr alloy used in this 

study is CoCr ASTM F75 powders sized from 20 to 45 m with the average 

particle size of 36 m. Selective Laser Melting (SLM) machine is the National 

Metal and Materials Technology Center (MTEC)’s self-developed SLM apparatus 

with a fiber laser. In order to understand the effect of LRM process, LRM process 

was applied on the top surface SLM specimens in the N2 environment. SLM 

specimens were built into the dimension of 10×10×5 mm3 in the conditions of a 

laser power (PSLM) of 100 W, scanning speed (VSLM) of 1000 mm/s, hatch spacing 

(H) of 180 m and the layer thickness (t) of 100 m. The laser re-melting process 

were applied on the top surface of SLM specimen in the laser re-melting power 

(PLRM) from 50-150W and the laser re-melting scanning speed (VLRM) from 500-

1500W, while the hatch spacing was fixed at 180 m. The scanning direction of 

LRM process was varied at 0, 45 and 90 to the top layer’s fabrication direction 

(Nth layer direction) of SLM specimen. It was found that LRM in 90to Nth layer 

direction performed the best conditions to reduce the surface roughness of SLM 

among three conditions.   
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In the next step, the effect of laser power and scanning speed of LRM 

process were investigated when applied LRM in the cross direction (90) to Nth 

layer direction of SLM specimens. It is clear that LRM process enhanced the 

surface quality by reducing the surface roughness number. Laser re-melting power 

(PLRM) is recommended to be equal or more than the laser power used for SLM 

(PSLM). When PLRM is equal or more than PSLM, it could induce sufficient heat to 

melt all the surface of SLM specimen. Lower PLRM caused discontinuous LRM 

area resulting in the mesh-liked surface texture and poor roughness. For laser re-

melting scanning speed (VLRM), it was found that VLRM should be set to be equal 

to VSLM to give the lowest in the surface roughness. According to the results, the 

LRM condition at PLRM=150W and VLRM=1000 mm/s could reduce the surface 

roughness of SLM specimen by 45% from about 21.99 to 11.98 m. The 

reduction of roughness leads to the question of the specimen dimension error due 

to LRM process. For this reason, the height between SLM and LRM (PLRM=50W 

and VLRM=1000 mm/s) specimens were compared using a coordinate measuring 

machine (CMM). From the results, we can see that there was a slight decrease in 

the height of LRM specimen compared to SLM specimen by about 11.8 m. This 

error value agrees with the reduction of surface roughness value. However, the 

dimension of printed part can be later compensated by adding this error value into 

the design of part before printing by SLM process. In addition, repeating LRM 

process for several times proved to reduce the surface roughness. In the case of 

LRM process at PLRM=150W and VLRM=1000 mm/s, the surface roughness 

reduced by 10% every time increasing scanning number from 1 to 3 times. When 

LRM process was repeated on SLM specimen for 3 times, the roughness reduced 
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by 70% from 21.99 to 6.49 m. Moreover, the LRM layer was observed in the 

cross-sectional area and was found to be very thin layer with the thickness less 

than 200 m. However, there was a drop in the hardness value in LRM region 

compared with a core material of SLM specimen but it was still higher than that of 

a commercial casted CoCr alloy. Therefore, the change of hardness may affect to 

the wear behavior of LRM CoCr alloy. Then, the ball-on-disk wear tests were 

conducted to compare wear resistance between a commercial casted CoCr alloy, 

SLM CoCr alloy and LRM CoCr alloy. With technical problem, LRM wear 

specimen was unable to fabricate, therefore the wear tests were conducted only for 

a commercial cast CoCr alloy and SLM CoCr alloy. Referring to the results, SLM 

CoCr alloy showed better wear resistance compared with a commercial casted 

CoCr alloy. This agrees with the result of the hardness value which SLM CoCr 

alloy show higher in hardness compared with casted CoCr alloy. Since the 

hardness value of LRM specimen was less than SLM specimen but still higher 

than casted specimen, therefore there is a possibility that the wear resistance of 

LRM CoCr alloy might be less than SLM CoCr alloy and higher than casted CoCr 

alloy. This issue needs to be clarified in the further study. 
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