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Abstract  

In this paper, selective laser melting (SLM) fabricated specimens in non-heat-treated and 

heat-treated conditions were subjected to Vickers microhardness testing, by using a full 

range of loadings: 10, 25, 50, 100, 200, 300, 500 and 1000 g. Microhardness of 

longitudinal-sections and cross-sections were correlated and the obtained values were 

plotted against loadings and indentation size effect was studied, in order to find the optimal 

loading range, that gives the material true microhardness, or load-independent hardness 

(HLIH). The load-dependence of the measured Vickers hardness values was described 

quantitatively through the application of the Meyer’s law, proportional specimen resistance 

(PSR) and the modified PSR model. It was found that the microhardness rises as the 

loading is higher, causing a reversed indentation size effect (RISE), clearly indicating the 

range of true hardnesses of the tested material. Also, PSR and modified PSR models were 

found to have the highest correlation factors indicating their higher adequacy compared to 

Meyer’s prediction model. 
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Introduction 

Selective laser melting (SLM) is a type of Additive Manufacturing (AM) technologies. 

Today, over thirty different types of AM have been developed, with a great variety between 

principles, materials and effects [1, 2]. SLM technology uses the basic principle of layered 

building of the manufactured part without tools, fed by a computer aided design (CAD) 

model. This model is split into two-dimensional layers of micron-sized powder, joined by 



laser. That means, a huge potential exists, in terms of flexibility, production of complex 

and thin – walled parts, no need for a mold, relatively short production time, high 

resolution, minimal post processing in terms of machining and different materials used, 

ranging from metals, polymers and ceramics [3–5]. However, there are several important 

drawbacks that limit the practical application of SLM technology. Some of them are as 

follows: warping and cracking of parts, thermal stresses, detrimental tensile residual 

stresses, undesirable microstructure occurrence, shrinking induced residual stresses, 

particularly of tensile nature on the surface, as well as lower mechanical properties 

compared to conventionally fabricated parts, lower fatigue resistance [1, 6, 7]. A great deal 

of attention has been payed to the characterization of SLM fabricated parts obtained with 

optimized parameters with or without heat treatment. Fatigue, hardness and tensile 

properties were usually correlated to metallographic features of the material as is the case 

with conventionally fabricated specimens [8–13]. 

The determination of tensile properties, fatigue and microstructure is well established and 

covered with standards and procedures. However, it is not the case with hardness and 

microhardness. The literature survey reveals that although the most widely used, Vickers 

microhardness should be used carefully, due to the non-homogenous nature of the material. 

Namely, the SLM technology fuses the powder by laser irradiation, creating the locally 

melted material, along with a thin heat affected zone around the melt pool in the previous 

layer [14, 15]. Several studies used a different Vickers microhardness loading. In the study 

done by Ryniewicz et al. 200 g Vickers microhardness loading was used on Ti-6Al-4V 

alloy [13]. The same material was tested by Vickers microhardness loading of 300 g in the 

research done by Campanelli et al. (2014) [16]. The same loading was used in the study by 

Zaharia et al. (2017) when testing 316 type stainless steel honeycombs manufactured by 

SLM technology [17]. Nakamoto et al. (2009) studied the microhardness of carbon steels 

S33C, S50C, S75C and S105C by using 500 g Vickers microhardness loading [18]. 200 g 

loading Knoop microhardness was used to test SLM melted iron and tungsten powders in 

the study done by Nie et al. [19]. However, perhaps the most comprehensive is the study 

done by Dobransky et al. (2005) on MS1 maraging steel, by using Vickers hardness with 

different loadings: 10, 25, 50, 100, 200, 300, 500 and 1000 g, but without determining the 

load independent hardness (HLIH) [20]. Clearly, there is hardly a consensus not only on 

Vickers hardness optimal loading, but also on the hardness measurement methodology. 

This clearly makes the comparison of different results obtained in various studies difficult, 

unreliable, if not impossible [21]. It can be overcome by considering the Indentation size 

effect (ISE) which represents a phenomenon that may be briefly described as an 

indentation-depth-dependent hardness [22]. Namely, by the application of different loads, 

various microhardnesses are obtained. Usually, a lower indentation depth results in an 

increased hardness [23]. The ISE was observed in ceramic, metallic and polymer materials 

[21]. The ISE in metals may be related to plastic deformation and dislocation movement 

effects increasing flow stress and hardness values [24, 25]. This occurs at indentation 

depths smaller than approximately 0.2 m. However, the roughness of the material surface 

can influence the deformation mechanisms and hardness values [26, 27]. In this study, an 

attempt was made to study the ISE effect in SLM fabricated parts and find the optimized 

Vickers microhardness loading corresponding to the load independent hardness (HLIH). 

  



Experimental 

The experimental work was conducted on the EOSINT M280 SLM device, equipped with 

200 W continuous wave Ytterbium laser, emitting 0.2032 mm thick and 1064 nm infra-red 

beam, with a scan speed of 7000 mm/s in nitrogen environment. Device working space was 

250x250 mm with a height of 325 mm. The material was supplied by EOS: maraging steel 

MS1 (1.2709, X3NiCoMoTi18-9-5), with nominal chemical composition given in Table 1. 

 

Table 1. MS1 maraging steel composition [mass. %] 

Ni Co Mo Ti Al Cr Cu C Mn Si P S Fe 

17-

19 

8.5-

9.5 

4.5-

9.2 

0.6-

0.8 

0.05-

0.15 

≤0.5 ≤0.5 ≤0.03 ≤0.1 ≤0.1 ≤0.01 ≤0.01 balance 

 

Specimens obtained by SLM process, used in this study were in accordance to ISO 1143 

standard, Fig. 1. Specimens have been built in vertical stacking direction with respect to 

the horizontal base plate. Specimens were detached from the base plate by wire-cut 

electrical discharge machining (EDM). Afterwards, specimens underwent surface cleaning 

by microshot-peening by 400 µm stainless steel spheres. Then, three specimens were left 

nitrated (N), while three were heat treated by aging up to 490oC for 6 h, as recommended 

by the material manufacturer.  

 

 

 

Figure 1. Specimen dimensions in accordance to ISO 1143 standard 

 

Specimens were sectioned in longitudinal plane and in cross plane to reveal the laser fused 

material in two sections. Sectioning was done on a specialized grind cutter with emulsion 

cooling. Then, specimens were mounted in polyethylene and ground with a set of SiC 



abrasive papers: 150, 220, 320, 400, 500, 600, 800, 1000, 1500, and 2000. After that, 

polishing with 6, 3, 1 and ¼ µm diamond suspensions was conducted. Microstructures were 

revealed by etching, by using aqua regia. After evaluating microstructures on Leitz 

Orthoplan light microscope, the same specimens were used for microhardness testing. 

Vickers microhardness was measured by Wilson Tukon 1102 device, with loadings of 10, 

25, 50, 100, 200, 300, 500 and 1000 g. An attempt was made to test individual melted areas, 

rounded or elongated, depending on the plate observed, the results were compared and 

hardness – loading charts were created for heat treated cross plane (HC) and longitudinal 

plane (HL), as well as non-heat treated cross plane (NC) and longitudinal plane (NL). 

The load-dependence of the measured Vickers hardness values was also described 

quantitatively through the application of the classic Meyer’s law, proportional specimen 

resistance (PSR) and the modified PSR model. 

The classical Meyer’s law has the following form: 

P=Adn (1) 

where P is the indentation load and d the resulting indentation size. The parameter A and 

n are values that can be derived directly from the curve fitting of the experimental data 

[28]. 

An alternative to the Meyer’s law is proportional specimen resistance (PSR) model based 

on the equation (2): 

P=a1d+a2d
2 (2) 

where a1 and a2 are experimental constants.  

The modified PSR model proposed by Gong and Li (2000) [28] who found that the surface 

of the specimen is exposed to the stress, found that this stress was induced by specimen 

preparation, mostly grinding, necessary for microhardness test. The modified PSR model 

can be described as follows:  

P=P0+a1d+a2d
2 (3) 

where P0 is experimental constant, while a1 and a2 are experimental constants, as in 

Equation 2.  

Results and Discussion 

Microstructures of SLM fabricated specimens are shown in Fig. 2. In longitudinal 

sectioned specimens, a short rounded-scale-like melted areas are present, as the result of 

cross sectioned laser-melted passes (Fig. 2a, c). On the other hand, in Fig 2b, d, cross-

section of the SLM fabricated specimens is presented, with elongated areas representing 

laser melted passes. 

 



 

Figure 2. Microstructures of SLM fabricated specimens: a) NL; b) NC; c) HL; d) HC 

The results of Vickers microhardness measurements are shown in Figure 3. The presented 

charts show a pronounced ISE, particularly in specimens NC, HC and HL. A more 

pronounced differences in Vickers microhardness were found to exist in NC, compared to 

HC and HL In specimen NL, a much less pronounced ISE can be observed. In all 

specimens, the microhardness value increases with increase in load, which is called 

reversed indentation size effect (RISE).  

a) 



b) 

 

c) 

 

d) 

 

Figure 3. Vickers microhardness of specimen: a) NL; b) NC; c) HL; d) HC 



This behavior in one of four common so far reported [29], Figure 4. In a) type variation, 

the hardness is approximately constant in respect to load – this type of variation, an ideal 

instrument and material response is found [5]. Maximum and minimum values are found 

in Figure 4b) – type variation. This type of behavior was found in some organic crystals 

and polymers [30]. The behavior as in Fig. 4c) is called reverse indentation size effect 

(RISE) and is found in this study. It is characterized by a rise in hardness as the load is 

increased. Finally, in Figure 4d), ISE effect is present, where the hardness is decreased as 

the load is higher [31]. Sometimes, in case of brittle polymers or ceramics, the occurrence 

of cracks may compromise the accuracy of the diagonal size measurement [22].  

In Figure 4, the load independent hardness region is indicated (HLIH), in ISE and RISE 

curves, Fig. 4c, d). The results obtained in its study, shown in Fig. 3, with an input from 

Fig. 3c), suggest that the HLIH value for SLM fabricated non-heat-treated specimen (NL, 

NC) is in the region of 350-370 HV and test load must be over 200 g. A similar optimal 

load range can be recommended for heat treated specimens, with microhardness in the 

region of 530-580 HV.  

 

  

Figure 4. Hardness ISE variations [28] 

 

The load-dependence of the measured Vickers hardness values described quantitatively 

through the application of the Meyer’s law, proportional specimen resistance (PSR) and 

the modified PSR model is shown in Figs. 5-7 and Tables 2-4. In Table 2 and Fig. 5, 

Meyer’s law parameters are presented, along with correlation factor, which, if closer to 1, 

means a better fit of the mathematical model to obtained results. The power law exponent 

is over 2 and is higher in specimens NL and HL, indicating a less pronounced ISE effect 

compared to NC and HC specimens as well as some kinds of polymers, including 

microwave-post polymerized PMMA [22]. These results regarding are in accordance to the 

results presented in Fig. 3. 

 

  



a) 

 

b) 

Figure 5. Correlation between P and d in accordance to Meyer’s model: a) non-heat 

treated; b) heat treated 

 

Table 2. Regression analysis of the experimental data according to Meyer’s model 

Specimen A log A n 
Correlation factor 

(R2) 

NL 501028 5.670 2.3116 0.9903 

NC 227931 5.3578 2.0321 0.9994 

HL 1.00E+06 6.000 2.4092 0.9875 

HC 473266 5.6751 2.1200 0.9982 



In Figure 6 and Table 3, the results of the linear PSR model are presented. Correlation 

factors R2 are higher than in Meyer’s model, indicating a higher adequacy in predicting 

microhardness values. 

a) 

 

b) 

Figure 6. Correlation between P/d and d in accordance to PSR model: a) non-heat treated; 

b) heat treated; 

Table 3. Regression analysis of the experimental data according to PSR model 

Specimen a1 a2 Correlation factor (R2) 

NL 251468 -583717 0.9981 

NC 219960 -218887 0.9992 

HL 460833 -2.00E+06 0.9986 

HC 338628 -186836 0.9990 



 

The modified PSR model results, proposed by Gong and Li (2000) are shown in Fig. 7 and 

Table 4 [29]. This model considers the material surface features such as stress induced by 

specimen preparation, necessary for conducting metallographic and hardness tests. 

Correlation factors (R2) are similar to those obtained by PSR model and higher than those 

obtained by Meyer’s model, indicating a closer fit between predicted and measured values. 

The fact that correlation factors are similar in PSR and modified PSR models, the surface 

tension as the result of specimen preparation is relatively low, unlike the results obtained 

by Balos at el. (2014) on PMMA polymer [21]. Obviously, mechanical properties of 

polymer are significantly lower, and the effect of grinding and polishing is much more 

pronounced compared to maraging steel. 

a) 

b) 

Figure 7. Correlation between P and d in accordance to modified PSR model: a) non-heat 

treated; b) heat treated 

  



Table 4. Regression analysis of the experimental data according to modified PSR model 

Specimen P0 a1 a2 Correlation 

factor (R2) 

NL -19.147 808.43 182312 0.9999 

NC -3.221 378.94 197655 0.9998 

HL -48.206 3404 242005 0.9993 

HC -2.7472 -130.57 321364 0.9875 

Conclusions 

In accordance to the results obtained in this study, the following conclusions can be drawn: 

 

Vickers microhardness of the specimen is highly dependent on loading. It was found that 

the microhardness rises as the loading is higher, causing a reversed indentation size effect 

(RISE). 

Obtained values are dependent also on the direction of specimen sectioning. A narrower 

range of results was obtained when a longitudinal section was tested, that is, the section 

that reveals rounded areas, solidified during fabrication. 

Optimal Vickers microhardness loading for tested non-heat treated and heat-treated 

specimens is at least 200 g, which provides comparable microhardness values measured in 

longitudinal and cross-planes of the specimen, that is, in the rounded areas and elongated 

areas of the specimen. 

Microhardness described quantitatively through the application of the Meyer’s law, 

proportional specimen resistance (PSR) and the modified PSR model prediction. The 

highest adequacies, that is, correlation factors were obtained by applying a PSR and 

modified PSR models. 

True microhardness, that is, load independent hardness of tested specimens (HLIH) are: non-

heat-treated specimens 350-370 HV and 530-580 HV for heat treated specimens. 

 

Before microhardness testing, a careful optimization of test indentation load is needed to 

reveal the optimal values and true, load independent hardness HLIH. To determine the 

optimal load, conducting a pre-experiment is needed. 
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