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Abstract: Additive manufacturing approach is thought to be a key element to meet the needs of Industry 4.0. Selective laser melting (SLM) is 

a powder bed fusion additive manufacturing method for producing fully functional components. It is critical to determine the fatigue 

behavior of components produced by selective laser melting in order to fulfill the needs of industries with rigorous norms and criteria, such 

as the aviation industry. However, the rapid heating and cooling cycle caused by the nature of the SLM process has a negative mechanical 

effect on the components manufactured by this process.. Mechanical properties such as hardness and fatigue behavior should be disclosed 

for Co-Cr-Mo alloy manufactured by SLM technique. In this study, hardness and fatigue tests were performed on Co-Cr-Mo alloy 

components manufactured by SLM, and microstructure images were acquired and evaluated. When the microstructure of the samples was 

analyzed, tiny precipitates localized at the grain boundaries were discovered, along with the dominating γ phase. The average hardness 

value of the samples subjected to the Vickers microhardness test was 482±10. The fatigue life of the samples at the maximum stress of 800 

MPa was 47,351 cycles. At the minimum stress of 400 MPa, the fatigue life exceeded 107 cycles. When fatigue fracture surfaces were 

examined, flat fracture surfaces similar to semi-cleavage were detected. The results will contribute to the literature on the mechanical 

characterization of SLM manufactured Co-Cr-Mo alloy components. 
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1. Introduction 

Industry 4.0 encourages the integration of intelligent technology 

with manufacturing systems. Among these technologies, additive 

manufacturing is crucial to meet some of the fourth industrial 

revolution's most pressing needs. Continuous and efficient 

communication between machines, robots, and devices is essential 

for additive manufacturing. This is only achievable with the proper 

digitalization of production processes. As a result, businesses are 

investing more in digital and IoT, which is a necessity for Industry 

4.0.  

When compared to traditional subtractive manufacturing 

technologies, additive manufacturing evolves in the other direction. 

In contrast to processes like milling or turning, additive 

manufacturing involves adding the material layer by layer to 

manufacture components. As a result, it provides less waste and 

conserves resources and also building prototypes faster, simpler, 

and less expensive. It produces less waste, conserves resources, and 

makes prototyping quicker, easier, and less expensive. Other 

manufacturing processes, such as milling, have high setup and 

material costs. Because prototyping is less expensive and takes less 

time, it is feasible to manufacture, test, and make necessary 

adjustments without too much difficulty. Furthermore, it gives very 

quick verification of the changes produced.  

The simplification of the manufacturing process, particularly 

product assembly, is another advantage of additive manufacturing 

in Industry 4.0. Traditional parts are intricate and need several 

manufacturing stages. Due to this, it now takes more time and cost 

to manufacture and assemble the various components. However, 

AM enables you to print the group in a single piece [1]. 

Additive manufacturing, often known as three-dimensional (3D) 

printing, has many applications in the industry and is becoming 

increasingly popular. Additive manufacturing technologies have 

emerged as a natural result of competitive conditions with the need 

for rapid prototyping and flexible production. Because of the 

technological benefits that may be obtained in product design, 

development, and production processes, this manufacturing method 

is attracting interest. Additive manufacturing is the subject of 

research and development studies with increasing interest all over 

the world due to its advantages such as remote 

production/prototyping and the production of parts with complex 

geometries that are not possible with traditional manufacturing 

method. 

Selective laser melting (SLM) is a prominent way for 

manufacturing Co-Cr-Mo alloy components, and it has become 

critical to reveal the material's mechanical behavior for this 

manufacturing process. In a study undertaken for this aim, distinct 

behaviors in the fatigue behavior of samples manufactured from 

Co-Cr-Mo alloy material in high cycle fatigue and short cycle 

fatigue were found as a consequence of topological optimization 

intended to simulate bone [2]. In a study achieved by Ko et al., it 

was discovered that there was no significant difference in the 

fatigue life of the parts in all axes that were held at 1150 °C for one 

hour among the crochet parts made in different heat treatment and 

manufacturing orientations [3]. In another study investigating the 

effect of ceramic coating on the fatigue behavior of Co-Cr-Mo alloy 

materials produced with different manufacturing techniques, it was 

determined that Co-Cr-Mo alloy crowns manufactured by selective 

laser melting showed better fatigue behavior than milled crowns 

after casting [4]. Due to the large number of internal defects and 

residual stresses, Razavi et al. reported that components made by 

selective laser melting exhibit particularly poor fatigue behavior [5]. 

In a study by Dong et al., the fatigue behavior of samples 

manufactured by casting and selective laser melting were 

investigated, and it was discovered that the fine-grained structure 

and precipitates formed in the parts manufactured by selective laser 

melting caused secondary cracks reducing stress concentrations and 

the growth rate of fatigue fractures [6]. In the study by Schweiger et 

al., traditional casting clamp parts were manufactured by selective 

laser melting technology, and it was found that the fatigue behavior 

of the parts was more advanced with reduced volume and 

homogeneously dispersed pore distribution [7]. Haan et al. 

employed co-pressure hot pressing to eliminate pores in the 

components and improve the fatigue behavior of the parts in 

addition to the selective laser melting approach for knee implant 

production [8]. In another study exploring the influence of 

manufacture orientation on fatigue behavior, it was shown that parts 

made horizontally have superior fatigue behavior than those 

manufactured vertically [9].  

In the selective laser melting method, which is the main subject 

of this study, manufacturing takes place with a three-stage cycle as 

shown in Figure 1. In the first stage, with the upward movement of 

the powder table, which is filled with metal powder, the powder is 

carried upwards on the ground surface, and then the processing 

table is moved downwards at the desired layer thickness. In the 

second stage, the metal powder above the ground of the powder 

storage tray is swept with the horizontal movement of the powder 

spreader and the metal powder is laid in the layer space of the 

processing tray. In the third stage, the desired profile on layer is 

melted using a laser system. These three procedures are repeated in 

each layer, resulting in three-dimensional manufacturing. 

In this study, the mechanical properties of Co-Cr-Mo alloy 

which manufactured by selective laser melting was investigated. 

For this aim, microstructure examinations, hardness measurements 

and fatigue tests were performed and the obtained results were 

discussed. 
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Fig. 1 SLM manufacturing cycle schematic representation. 

2. Material and methods 

Material 

In this study, Co-Cr-Mo alloy metal powder named ―Puresphere 

43055‖ produced by Sentes-BIR company in Türkiye. The powder 

shown in Figure 2 was produced in spherical form by gas 

atomization method.  

 

Fig. 2 SEM image of Co-Cr-Mo metal powder used 

The physical and mechanical properties of the metal powder 

used are given in Table 1 and its chemical composition is given in 

Table 2. 

Table 1: Properties of the Co-Cr-Mo alloy used 

Measurement (Unit) Puresphere 43055 

Density (g/cm3) 8,64 

Ultimate strength (MPa) 1285 

Yield strength Rp0.2% (MPa) 1085 

Elongation at break (%) 9 

Youngs modulus (GPa) 200 

Hardness (HV) 430±30 

Melting range (oC) 1410-1450 

 

 

Table 2: Chemical composition of Co-Cr-Mo alloy (% of weight) 

Co Cr Mo W Si Mn 

Bal. 23,3±0,5 5,47±0,02 5,33±0,07 0,89±0,01 0,22±0,002 

Specimen preparation 

The specimens utilized in the mechanical tests conducted as part 

of the investigation were manufactured using EOS M290 selective 

laser melting machine. Specimens were manufactured on the table 

as cylinders (Ø11mm x 48mm), illustrated in Figure 3, and were 

removed from the table using the wire erosion process. Samples 

removed from table were machined for fatigue tests in accordance 

with the BS ISO 1099:2017 [10] standard, whose geometry is 

shown in Figure 3. 

 

Fig. 3 Manufactured specimens (left) and fatigue test specimen geometry 

(right) in accordance with BS ISO 1099:2017 standard [10] 

Microstructural and mechanical characterization methods 

The fatigue specimen was cut parallel to the face surface with a 

low speed diamond cutting tool to observe the microstructure. Then, 

the samples were molded and sanded using waterproof sandpaper 

(400-800-1200-2500) and polished with a broadcloth using a 3 

micron diamond solution. Electrolytic etching was performed in an 

H2SO4/CH3OH (5:95) solution with a potential difference of 16-20 

V between electrodes. The samples' microstructure was inspected 

using an optical microscope. The surface roughness measurement 

instrument Mitutoyo SJ-301 was used to characterize the surface 

features in accordance with ISO 468:1982 [11]. Hardness tests were 

performed using a Shimadzu HMV-2 micro Vickers hardness tester 

in accordance with ASTM E384-17 [12] standard.  

Fatigue tests were carried out on Shimadzu EHF-LV020K2-020 

fatigue test instrument at 20 Hz frequency values under 

tensile/tensile constant amplitude loading and R=0.1 stress ratio. 

Wöhler curves (S-N curves) are used to express fatigue test 

findings, which are graphs of the stress magnitude and the number 

of cycles required to cause material deterioration. Fatigue tests were 

terminated after 107 [16] cycles, and the tests were performed in 

two repetitions at six different stress levels in accordance with 

ASTM's publication ―Manual on statistical planning and analysis 

for fatigue experiments‖ [13]. Following the fatigue testing, the 

fracture surfaces were assessed using a stereo microscope, and 

comprehensive investigations were carried using a SEM. 

3. Results and Discussion 

Microstructure and hardness 

Figure 4 depicts images obtained with an optical microscope at 

various scales of the sample manufactured using SLM. The molten 

pool boundaries were clearly observed in the microstructure images.  

A melt pool forms when the laser moves over the powder bed, 

and the pool grows longer as the laser moves. With rapid 

solidification of adjacent laser scan traces, cellular melt pool traces 

typically showed a regular and semi-elliptical appearance. Co-Cr-

Mo alloys exhibit ε (hexagonal tight-packed) and γ (surface-

centered cubic) structures, according to the literature. [14]. When 

the phase diagram is analyzed, the ε phase is the low temperature 

phase and it is seen as the equilibrium phase at room temperature. 

[15]. As seen in Figure 3, although the γ phase is dominant, there 
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are small condensed precipitates at the grain boundaries formed 

during the solidification of the liquid interfaces [16]. 

 

Fig. 4 Microstructure image of the sample fabricated with SLM 

When the Vickers microhardness values were examined, 

average hardness values of 482±10 were obtained. 

Fatigue 

The S-N curves of the Co-Cr-Mo alloy manufactured by 

selective laser melting are shown in Figure 5. The fatigue life of the 

specimens (approximately 74% of yield stress) at 800 MPa whic is 

the maximum stress, was 47,351 cycles. At the minimum stress of 

400 MPa, the fatigue life (approximately 37% of the yield stress) 

exceeded 107 cycles. 

 

Fig. 6 S-N curve (average value) of the samples produced by selective laser 

melting 

The S-N diagram containing the fracture images of the 

fatigue specimens is shown in Figure 5. 

 

Fig. 6 S-N diagram with fracture images of fatigue samples 

Figure 7 presents the typical fatigue crack initiation region 

(7A), crack propagation region (7B), and ultimate fracture region 

(7C) in fracture images investigating the macro-morphology 

following the fatigue test. Cracks form lines that propagate forward 

during a period of the fatigue cycle. In the samples, cracks generally 

spread from the outer region to the interior region. When the crack 

propagation region is inspected, it can be seen that the cracks spread 

radially [17]. There was no obvious evidence of plastic deformation 

in the crack region, suggesting that a brittle fracture mode 

predominates during crack initiation and propagation 

[17].

 

Fig. 7 The image of the macro fracture morphology of the crack initiation 

region (A), crack propagation region (B) and final fracture region (C) of the 
fatigue tested specimen. 

Crack initiation in metals are prone to defects. General internal 

defects (mostly owing to inadequate melting) were discovered in 

the fracture images examined after the fatigue test, as illustrated in 

Figure 8. As shown in Figure 8A, the fatigue fracture morphology 

was characterized by flat fracture surfaces with a quasi-cleavage 

(i.e., a fracture that occurs when stress is above a critical level 

covering a critical area in front of a crack tip and results in a stable 

fracture) [18]. Similar fracture surfaces were also detected in the 

other samples. Material fatigue life may be reduced due to the hills 

seen in Figure 8B and faults caused by inadequate melting depicted 

in Figure 8C, increasing the likelihood of crack initiation. Unmelted 

metal powder grain with the size of 21 µm was discovered, as 

illustrated in Figure 8D. The images of the fracture surfaces 

acquired were found to be consistent with the literature [19]. 

 

Fig. 8 SEM image of the fracture morphology of the fatigue tested specimen 
(A) and general internal defects (B,C,D) 

4. Conclusion 

Our study's main goal is to describe the mechanical 

characteristics of a Co-Cr-Mo alloy manufactured utilizing SLM. 

The following conclusions can be drawn from the experimental 

data: 

1) When the samples' microstructures are examined, the typical 

melt pool traces seem semi-elliptical due to the rapid solidification 

of the adjacent laser scan traces. Despite the fact that γ phase 

dominates the microstructure, condensed tiny precipitates were seen 

near the grain boundaries. 

2) Vickers microhardness test results showed that the mean 

hardness value was 482±10. 

3) In the fatigue tests, it was observed that the fatigue life was 

47,351 cycles at the maximum stress of 800 MPa, and it exceeded 

107 cycles at the minimum stress of 400 MPa. 

4) When fatigue fracture surfaces were inspected, flat fracture 

surfaces similar to semi-cleavage type fracture were detected. In the 

samples, cracks generally spread from the outer region to the 
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interior region. Crack propagation region showed the cracks spread 

radially. 

The data obtained in the study have valuable findings for the 

mechanical characterization of the Co-Cr-M alloy manufactured 

with SLM, and will shed light on the studies to be carried out using 

different parameters (manufacturing parameters, secondary 

processes, etc.) in this context. 
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