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A B S T R A C T  
 

 

Surface roughness significantly affects the scattering of load-displacement curves and the measurement 

of mechanical properties by the macro-scale indentation. Many mechanical properties such as modulus 

of elasticity, yield stress, strain hardening exponent, and hardness can be determined using the 
indentation results, which are the information obtained from the load-displacement curve. Reliable 

parameters of the load-displacement (P-h) curve are employed to estimate the mechanical properties. 

The inaccurate P-h curve leads to a misestimation of material properties. Ignoring the surface roughness 
might be a source of error in the indentation results. In this paper, the effects of surface roughness on the 

P-h curve of macro spherical indentation and Brinell hardness number (BHN) were studied. The range 

of roughness with minimal effect on indentation results was obtained. The surface roughness of 2 and 
12 microns was created on the experimental samples using the electrical discharge machining (EDM) 

process. The finite element simulations were performed with different surface roughnesses. The results 

showed that roughness affected both the P-h curve and hardness values in different indentation depths 

and various indenter sizes. It was observed that with increasing the Rq roughness, the P-h curve level 

and hardness value decreased and that with increasing the indentation depth, the effect of roughness on 

hardness decreased as well. The neumerical results showed a good agreement with the results of 
experiments. 

doi: 10.5829/ije.2023.36.05b.08 
 

 
1. INTRODUCTION1 
 
The determination of material properties in engineering 

material has always been a subject of concern. 

Employing the indentation method is one of the non-

destructive and effective methods to estimate the material 

properties; therefore, unreliable and inaccurate data of 

the indentation result is usually a source of error. Surface 

roughness is one of the important parameters which may 

cause uncertainties in indentation results, when is 

neglected. The indentation technique relies on the 

characterization of the P-h curve parameters. In general, 

surface roughness is determined using the peaks and 

valleys of the surface and their interval distribution along 

the surface [1]. In the indentation method, surface 

roughness can play an important role in the determination 

of mechanical properties. Studies showed that surface 

roughness can alter the P-h curves [2, 3]. However, it 
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should be noted that most of the studies have been carried 

out on the nano and micro scales. Surface roughness in 

the low-depth indentations can be one of the primary 

sources of error in estimation of various mechanical 

properties. In the large indentation depth, the error at the 

contact point is reduced. It has been revealed that the 

error caused by the surface roughness is proportional to 

the indentation depth [4]. Surface roughness is effective 

when the dimensions of peaks and valleys are much 

smaller than dimension of the contact area [5]. Since the 

contact area of the indenter and the surface can be 

obtained indirectly from the indentation depth, surface 

roughness can cause errors in determination of the 

contact area between the indenter and the surface piece 

[1]. Bhaskara Rao and Beatrice Seventlin [6] developed 

a new technique based on the image processing to 

measure the surface roughness.  
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Walter et al. [7] assessed the effect of surface 

roughness on elastic modules using 2D and 3D FEM 

simulation on a Nano scale. They realized that for Ra>3 

nm, the results varied considerably in both models. 

Campbell et al. [8] investigated the effect of roughness 

on the reduced modulus (Er) in impact of two surfaces 

and presented a principle study using three-dimensional 

finite element modeling to implement the apparent 

modulus in a rough surface, which was measured by an 

atomic force microscope (AFM). Chen et al. [9] reported 

that when the applied forces are small, the surface 

roughness has a significant effect (due to the low level of 

indentation). However, this issue is not of importance in 

case of sharp indenters. They also developed a 3D 

roughness model using a Berkovich indenter in 

ABAQUS software. Gao et al. [10] studied the effect of 

surface roughness on variables such as indentation force, 

contact area, and contact load in both loading and 

unloading. They modeled the roughness of different 

materials by mapping the experimental AFM data to a 

finite element model. Xia et al. [11] presented various 

quantitative models for estimating macro-hardness in 

studying the effect of roughness on hardness. the effect 

of non-reproducibility as an error of the Nano-

indentation test was taken into consideration. Bobji et al. 

[12] studied the effect of roughness on a macro scale with 

an average point height of 1 mm for different roughness 

shapes with a spherical indenter. They found that 

Young's modulus and hardness are sensitive to 

roughness. Furthermore, they studied the quasi-static 

indentation to determine the results of scatter due to the 

surface roughness parameters. Bobji et al. [13] found that 

the hardness scatterings measured on a rough surface in 

Nano-indentation could be caused by geometric change 

of roughness during indentation, the effect of indenter 

geometry, and the material properties. In another case, 

they suggested that the hardness value is reliable when 

the indentation depth “h” is greater than or equal to four 

times the value of the Root Mean Square (RMS or Rq) of 

the profile height parameter. Tang et al. [14] studied the 

influence of surface roughness on hardness measurement 

by using nano indentation tests and FE analysis. Xia [15] 

advised a method to accurately determine the mechanical 

properties, taking into account the calculation of the 

errors in the first contact point and also the effect of the 

surface roughness error. Using 2D Finite Element (FE) 

analysis of spherical indentation on a Nano scale, Walter 

et al. [16] observed that increasing the roughness 

decreased the contact area and, as a result, there was more 

scattering of the Young's modulus in an elastic 

deformation. They also stated that when the roughness 

value is much smaller than the contact surface, the 

geometric parameter of roughness has a significant effect 

on the results of the indentation process. In another case, 

they found that increasing the roughness led to more 

scattering of the P-h curve. Nazemian et al. [17] showed 

that the surface roughness of thin films affects the 

Nanoindentation results, especially at low indentation 

depth. Mikowski et al. [18] determined the mechanical 

properties of the kaolinite material considering the effect 

of surface roughness in the Nano-indentation test on their 

samples. Bolesta and Fomin [19] found that the surface 

around the indentation area changed due to the surface 

roughness. In some cases, the accuracy of measuring the 

hardness and the P-h curve can be affected by these 

changes. Maslenikov et al. [20] resulted that the 

roughness deviates the hardness from its correct number. 

They corrected the hardness value by information of 

correlation function and height distribution. Jiang et al. 

[21] examined the effect of surface roughness on the nano 

hardness and elastic modulus of thin films. They used 

nano-indentation method to extract the material 

properties. They also showed that the micro hardness and 

elastic modulus decreased in rough samples in 

comparison with smooth ones. 

Pham et al. [22] proposed a function from FE and 

regression analysis by using spherical indention to 

determine the plastic properties of materials. Goto et al. 

[23] obtained the stress - strain curve by employing an 

estimation technique based on the indentation method. 

Wagih [24] employed a sharp nano-indentation test and 

FE analysis to predict the hardness of composite and pure 

metal. Akahori et al. [25] also used the spherical 

indentation and numerical method to measure the yield 

stress and residual stresses.  

In recent years, the indentation method, numerical 

inverse analysis, and FE simulations have been widely 

used to determine the material properties of various 

materials [26-28]. Bocciarelli and Maier [29] employed 

the imprint area and indentation test to estimate the 

residual stresses. Furthermore, studies have been 

performed for simultaneous determination of the material 

model and the residual stresses for different materials 

[30, 31]. 

As it was previously mentioned, many of the methods 

which have been proposed to estimate the material 

properties from the indentation approach, are based on 

the P-h curve parameters. Access to an accurate P-h curve 

is one of the complex challenges. An inaccurate P-h 

curve can lead to incorrect and scattered material 

properties. Different surface roughnesses can alter the P-

h curves. It is one of the challenges to recognize the effect 

of roughness on the P-h curve and roughness range that 

does not affect the curves.  

In this paper, the effect of surface roughness on the 

hardness value and P-h curve of the macro-spherical 

indentation was studied. The effects of the indenter size 

and the indentation depth were examined and compared 

for different rough surfaces. Most of the previous studies 

have been conducted for nano scale indentation and 

roughness. Finite Element Analysis with different 

surface roughness were performed to specify the effects 
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of roughness, indenter size, and indentation depth on both 

P-h curves and the Brinell hardness. The optimum 

roughness range within which the effect of micro 

roughness on the macro P-h curves results could be 

ignored, was obtained. The Finite Element (FE) results 

were also verified using several experimental tests.  

 

 

2. RESEARCH METHOD 

 

The procedure of this research is described in the 

flowchart as shown in Figure 1.  

 

2. 1. Roughness Simulation            In this study, one of 

the challenges was modeling of the surface roughness. 

Despite many efforts, it was noticed that 3D modeling of 

the surface roughness in ABAQUS commercial code was 

complicated. For this purpose, a rough surface was first 

modeled in MATLAB coding commercial software and 

N×N points were created using a random statistical 

function. Then, by mapping the points from MATLAB to 

ABAQUS, the desired model with a specified Rq was 

modeled in ABAQUS [32-34]. 
The parameter Rq represents the distribution of the 

standard deviation in the surface point’s height, which is 

an essential parameter for creating the surface roughness 

by statistical methods. This parameter represents the root 

mean square (RMS) of the profile height from the mean 

line and is more sensitive to the parameter Ra (arithmetic 

mean of the height of the points) in deviations of large 

surfaces from the mean line. Rq or RMS is defined by 

Equation (1) [35]: 

 

 

 
Figure 1. A Schematic presentation of the research flow 

diagram  

Rq = √
1

L
∫ [Z(x)]2dx

L

0
  (1) 

where in Equation (1), L is the sampling length and Z is 

the height of the points from the origin of the coordinate 

system . 

The following smart and novel method was employed 

to model the rough surface. First, a rough surface with 

the desired Rq was created on the N×N point in 

MATLAB coding program. Then, all steps of the 

indentation simulation were performed in ABAQUS. The 

resulted rough surface was then mapped from the 

MATLAB to the indentation area in ABAQUS using the 

JAVA coding program. Figure 2 shows the created rough 

surface in MATLAB and Figure 3 illustrates the mapped 

surfaces to the FE model for different roughness values. 

 
2. 2. Finite Element Method         Finite element 

simulations were performed using ABAQUS commercial 

code. The indenter was modelled with a Young’s 

modulus of 600 GPa, and a Poisson's ratio of 0.3 [36], 

which corresponds to the properties of tungsten carbide. 

The elastic regime was considered for the indenter 

material. Due to the symmetry in loading and geometry, 
 

 

 
Figure 2. 3D rough surface schematic obtained from 

MATLAB software 

 
 

 
Figure 3. Roughness schematic created in ABAQUS 

Create rough surface with 
different Rq in MATLAB coding 

program  
Mapping rough surface to 

the indentation area in 
ABAQUS 

Extract elastic and plastic 
properties of SS316L from 

tensile test 
FE analysis of indentation on 

the model 

Extract P-h Curve, Maximum 
Force and imprint area 

diameter  

Calculate BHN with FE 
Maximum Force and imprint 

diameter  

Create different roughness 
using EDM on surface of 

samples 

Spherical indentation test on the 
samples with rough surface 

Extract P-h curve from 
indentation tests  

Measure imprint area diameter 
after unloading step by VMM   

Calculate BHN by using 
Pmax and imprint area 

diameter 

Comparison P-h curve and Pmax between FE and EXP 
for different roughness, indenter size and indentation 

depth 

Comparison BHN values between FE and EXP for 
different roughness, indenter size and 

indentation depth 
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only a quarter of the sample was modelled for both the 

indenter and the specimen. The materials regime for the 

sample was considered to be elastic-plastic with a 

Young's modulus of 204 GPa, which was extracted from 

the uniaxial tensile test of stainless steel 316L, and the 

Poisson's ratio was considered  to be 0.3 [37]. The plastic 

true strain-stress data extracted from the tensile test was 

used as the plastic properties. The type of the element 

used in the spherical indenter and specimen was C3D8R. 

The mesh size was 0.03 mm which was verified by a 

convergence checking. Figure 4 shows the P-h curve 

convergence. The total number of elements were 

336,000. Spherical indenters with diameters of 1, 1.5, 

2.5, and 4 mm and a block with dimensions of 3×4×4 

mm3 were modelled. Figure 5 illustrates the imprint area 

and deformation of the sample in the Y direction after the 

unloading step. 

 
2. 3. Hardness Calculation Method         The Brinell 

method is a two-stage indentation procedure to determine 

the hardness. In the first step, a hard indenter is pressed 

vertically into the surface of the sample under load. In the 

second step, the length of the indentation diameters is 

measured from at least two perpendicular directions. 

Equation (2) shows the Brinell's hardness equation [38, 

39]. The Brinell hardness value is obtained by dividing 

the applied force by the area of the indented surface. 

BHN = 0.102 ×
2F

πD(D−√D2−d2)
  (2) 

 

 

 
Figure 4. Convergence for the P-h curves 

 

 

 
Figure 5. Deformed view of the FE model after unloading 

In the above equation, BHN is the Brinell hardness value 

in (kg/mm2), F is the force, D and d represent the 

diameter of the indenter and the diameter of the 

indentation imprint in (mm), respectively. In calculation 

of the hardness, the values of the force and the 

indentation imprint diameter were extracted from both 

numerical and experimental imprints. The force used in 

the hardness calculation was the maximum contact force 

(Pmax) between the specimen and indenter.  The Pmax was 

extracted from the end of loading step of the P-h curve. 

 

2. 4. Experimental Tests            The material used in 

this study was stainless steel 316L. This grade of steel is 

widely used in marine structures, food devices, medical 

implants, and fasteners [40]. The samples for tensile tests 

were manufactured according to standard ASTM E 8M-

04 [41]. In Figure 6 the true and  engineering stress-strain 

curves of 316L are shown. The yield stress and elastic 

modulus of the specimen were 263Mpa and 204GPa, 

reespectively. Furthermore, the chemical compositions 

of 316L are appicted in Table 1. 

The indentation tests were carried out using a 

universal tension-compression test device with a capacity 

of 5000 N. The indentation depth was measured by a 

linear variable differential transformer (LVDT) with 

accuracy of 0.1 micron. In Figure 7 the indentation test 

setup and its components are shown. Both load and 

indentation depth were recorded during the indentation 

tests. 

An electric discharge machine (EDM) was used to 

create the required roughness on the block samples 

manufactured from stainless steel 316L. The EDM 

affects the morphology and roughness parameters of the 

material's surface [42]. The 2- and 12-micron roughness  

 

 

 
Figure 6. True and engineering stress - strain curves of 316L 

 

 

TABLE 1. Chemical composition of experimented SS316L 

Fe C Si Mn P S Cr Mo 

Base 0.024 0.41

3 

1.79 0.020

6 

0.013

4 

16.95

2 

2.034 

Ni Al Co Cu Nb Ti V W 

10.06

8 

0.004

5 

0.41

1 

0.41

3 

0.008

8 
0.002 0.053

4 

0.077

8 
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Figure 7. Macro spherical indentation test setup 

 

 

were achieved by changing the EDM input parameters, 

such as current intensity and the pulse time. Figure 8 

shows two surfaces with different roughness values along 

with the imprints of the indentation remained after 

unloading. The advantage of having more diverse 

roughness values was provided by the application of the 

EDM to create the roughness. Although there are other 

techniques to create the roughness, the EDM process 

provided the requirement surface roughness with the 

least side effects. 

Two indenters with diameters of 2.5 and 1.5 mm were 

employed in the experimental indentation test; therefore, 

the effect of the indenter size and the roughness could be 

observed simultaneously. Also, the indentation depths of 

50, 90, and 150 microns were examined on the samples 

to investigate the effect of indentation depth of the rough 

surface on the spherical indentation. The diameters of the 

indentation imprint were measured using a vision 

measuring machine (VMM) in four different directions 

with high accuracy. The measurements were performed 

along different directions to achieve more accurate 

results. Then, the Brinell hardness was calculated using 

Equation (2). A surface profilometer was used to measure 

the roughness. Three important roughness parameters 

were obtained according to Table 2. Ra is the arithmetic 

mean of profile height, Rp is the maximum profile peak, 

and Rv is the maximum profile valley depth. In Table 2, 

the standard deviation (SD) of measured parameters are 

shown. 

 

 

3. RESULTS AND DISCUSSION 
 
3. 1. Effect of Roughness on Load Displacement 
Curve         Several finite element analyses with the Rq 

roughness values of 2, 7, 12, and 17-micron were 

performed. Figure 9 compares the P-h curves obtained 

from numerical simulations and experimental tests for 2 

and 12-micron roughness using a 2.5-mm diameter 

indenter. The P-h curves for the 1.5-mm indenter with 2- 

 
Figure 8. Two surfaces with different Rq roughness values 

(a) 2-microns (b) 12-microns 

 

 
TABLE 2. Roughness parameters measured by surface 

profilometry device, (SD: Standard deviation) 

Rv , µm (SD) Rp , µm (SD) Ra , µm (SD) Roughness (Rq) 

5.1 (0.36) 4.66 (0.33) 1.56 (0.16) 2-micron 

34 (3.45) 36.5 (4.84) 9.6 (0.59) 12-micron 

 

 

 
Figure 9. Comparison of P-h curves related to the 2.5 mm 

indenter in both 2 and 12-micron Rq roughness between FE 

results and experimental tests 

 
 

micron roughness are shown in Figure 10 According to 

these figures, the P-h curves obtained from the finite 

element simulations illustrated a good agreement with 

the results from the experimental tests. In all figures the 

FEM, EXP and Dia are the abbreviations of finite 

element results, experimental results and diameter of 

indenter. 

It is observed in Figure 9 that with the decrease in the 

surface roughness, the P-h curves were elevated in both 

the numerical and experimental results. This is mainly 

due to the less amount of load required for indentation in 

the case of 12-micron roughness. This is especially more 

observable in the beginning of the curves due to less 
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Figure 10. P-h curves, 1.5mm diameter indenter, 2-micron 

Rq roughness: A comparison between FE and experiments 

 

 

materials constraint of a rough surface. The curve slops 

were also less at the beginning for the case of 12-micron 

roughness . 

The experiment tests revealed that by increasing the 

surface roughness, the scattering of the P-h curves was 

increased. Little difference between the P-h curves 

relates to different points of surface for each roughness 

value was observed, but there was a meaningful 

difference between the indentation test results of various 

roughness.  

Although the unloading step of the P-h curve was not 

the subject of this study, according to Figures 9 and 10, a 

considerable difference with FE was observed. This 

deviation was related to the indentation unloading test 

setup. However, no parameter has was extracted for this 

study from the unloading section of the curves and 

therefore this deviation did not affect the results. The 

loading part of the curves displayed a good agreement 

between the numerical and experimental results. Similar 

deviation was observed in other research [43]. 

In order to further clarify the effect of roughness on 

the P-h curves 7 and 17 micron roughness were also 

modeled. Figure 11 shows a comparison between their P-

h curves and the 2 and 12-micron cases. Curves in Figure 

11 also confirmed the above discussion. 
 
3. 2. Effect of Indenter Diameter             The diameters 

of the spherical indenters were selected in such a way that 

significant differences were observed in the results. 

Figures 12 and 13 illustrate the effects of 1, 1.5, 2.5, and 

4 mm diameter indenters on the numerically obtained P-

h curves resulting from the indentation on surfaces with 

2 and 12 micron roughness. Trends of the curves were the 

same in both 2 and 12 micron roughness and the P-h 

curves were elevated with an increase in the indenter size. 

Table 3 shows the maximum force at 150-micron 

indentation depth for different conditions. The maximum 

deviation between forces of 2 and 12-micron roughness 

 
Figure 11. Effect of Rq roughness on the FE P-h curves 

 
 

 
Figure 12. Comparison between FE P-h curves for different 

indenter sizes and 2-micron surface roughness 

 
 

 
Figure 13. Comparison between FE P-h curves for different 

indenter sizes and 12-micron Rq roughness 

 
 
was for the 1mm diameter indenter with a value of 7.07% 

and the minimum was related to the 4-mm-diameter 

indenter with a value of 6.18%. According to the 

presented results of Figures 12 and 13 and Table 3, it was 

concluded that the spherical indentations with larger 

indenter sizes were less affected by the surface 



920                                     A. Karbasian et al. / IJE TRANSACTIONS B: Applications  Vol. 36, No. 05, (May 2023)   914-924 

 

roughness. In the comparison of the experimental P-h 

curves between the 1.5 and 2.5mm indenters, a great 

reduction in the force of 1.5-mm-diameter indenter was 

observed (Figure 14). 

 

3. 3. Optimum Roughness Range          It was observed 

that the roughness of 2 micron and less was an 

appropriate range within which the effect of roughness 

on the P-h curves resulting from the 2.5-mm-diameter 

spherical indentation could be ignored. As shown in 

Figures 15 and 16, the P-h curves of 2-micron Rq 

roughness and the ideal surface (without roughness in the 

numerical model and polished surface in the experiment) 

indicated a good agreement. There are slight differences 

between the 3-micron roughness and the two other curves 

in the numerical results shown in Figure 15.   
The deviation of 2 and 3-micron roughness P-h 

curves was related to the early loading stage of curves 

where the peaks and valleys of the surface have the 

maximum effect on the indentation force. It can be noted 

that a 2-micron roughness surface and less are a reliable 

range for spherical macro indentation. 

 

 
TABLE 3. Maximum force values at the indentation depth of 

150-microns caused by 1, 1.5, 2.5 and 4 mm diameter indenter 

in FE simulations 

Indenter 

diameter (mm) 

Rq Roughness 

(micron) 

Force 

(N) 

Deviation between 

forces (%) 

1 
2 748.7 

7.07 
12 695.8 

1.5 
2 1099 

6.73 
12 1025 

2.5 
2 1708.9 

6.62 
12 1595.7 

4 
2 2536.9 

6.18 
12 2380.2 

 

 

 
Figure 14. Comparison between experimental P-h curves 

with 1.5 and 2.5 mm indenter 

 
Figure 15. Comparison of the FE P-h curves between the 2- 

and 3-micron roughness and the ideal surface for the 2.5-mm 

indenter 
 

 

 
Figure 16. Comparison of the EXP P-h curves between the 

2-micron Rq roughness and the polished surface for the 2.5-

mm indenter 

 
 
3. 4. Effect of Roughness on Hardness          Figure 17 

shows the Brinell hardness with a diameter of 2.5 mm for 

2 and 12-micron roughness at 150, 90, and 50-micron 

indentation depths. The hardness values increased with a 

decrease in roughness for both numerical and 

experimental results. The slope of curves in the measured 

hardness based on the FE data was lower than the 

experimental hardness, indicating that the FE hardness 

values of 2 and 12 microns Rq roughness are closer to 

each other than the experimental values. The hardness 

values at 90 and 150-micron indentation depths were 

convergent, suggesting that the 50-micron indentation 

depth was not an appropriate depth considering the 

roughness values.   
Indentation tests were performed at a depth of 150 

microns with a 1.5-mm indenter on the 2 and 12-micron 

roughness to investigate the effect of the indenter size on 

the measured hardness. The FE simulations were also 

carried out using the same diameter and indentation depth 

and the corresponding hardness values were determined 

as shown in Figure 18. The trend of changes in the 
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Figure 17. Comparison of the hardness for 2- and 12-micron 

Rq roughness and different indentation depths for both the 

FE and experimental results 
 
 

 
Figure 18. Effect of roughness on hardness values in FE and 

experimental results with the 1.5-mm-diameter indenter 

 

 
TABLE 4. All hardness values with different indenter size, 

indentation depth and surface roughness 

Indenter 

diameter 

(mm) 

Indentation 

depth (µm) 

FE/

EXP 

Rq Roughness 

(µm) 

BHN 

(kgf/mm2) 

2.5 50 

EXP 
2 143.7 

12 120.4 

FE 
2 137.1 

12 122.4 

2.5 90 

EXP 
2 163.6 

12 150.3 

FE 
2 156.3 

12 151.4 

2.5 150 

EXP 
2 168.4 

12 159.3 

FE 
2 161.4 

12 160.3 

1.5 150 

EXP 
2 160.3 

12 141.1 

FE 
2 151.8 

12 143.2 

hardness with the 1.5-mm diameter indenter was the 

same as previous results shown in Figure 17. All 

calculated values of hardness are depicted in Table 4. 

The influence of both the indentation depth and 

surface roughness on the measurement of hardness in 

shown in Figure 19. The figure contains the measured 

hardness values of both numerical and experimental 

results. It can be noted that the hardness values of the 

surface with 2 micron roughness were higher than the 12-

micron roughness and this is mainly due to the higher 

values of force in the indention with 2-micron roughness. 

The measured values of hardness became closer together 

with an increase in the indentation depth. Therefore, it 

can be concluded that with an increase in the indention 

depth, the effect of roughness on the hardness decreased.  

Based on the standard deviation values of Figures 17 

and 19, it can be concluded by increasing the roughness, 

the BHN scattering increased. The reason based on Table 

2, is the higher standard deviation of 12-micron 

roughness compared to 2-micron roughness. Figure 19 

Shows that by increasing indentation depth, the hardness 

values deviations decreased in both 2 and 12-micron 

roughnesses. There are two reasons for this subject: first 

the difficulties and errors of measuring the imprint area 

in the low-depth indentation due to the presence of 

roughness and second the better repeatability of 

maximum force in deeper indentation.   

Finally, the numerical results showing the effects of 

wider range of surface roughness on the hardness values 

are shown in Figure 20. In this figure the hardness values 

for different roughness of 2, 7, 12, and 17-microns with 

a 150-micron indentation depth were compared. The 

results also confirmed the previous discussion.    

The results of this study had a good agreement with 

other research. Chen et al. [9] by employing sharp nano-

indentation, concluded roughness in the nano scale 

affects the P-h curve and hardness. They resulted in that 

by decreasing the surface roughness from 20 nm to 2 nm  
 

 

 
Figure 19. Comparison between the curves of experimental 

and numerical hardness for the 2.5-mm-indenter with 2- and 

12-micron Rq roughness and indentation depths of 50, 90, 

and 150 microns 
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Figure 20. Comparison of hardness in 2, 7, 12, and 17-

micron Rq roughness 
 

 

in 362 nm indentation depth, the P-h curve elevated. The 

scattering of P-h curves and hardness numbers were 

minimum in 2 nm roughness. In the current study, similar 

results were obtained from macro spherical indentation 

on the rough surfaces. 

 

 

4. CONCLUSIONS 
 
In this study, the effect of surface roughness on the P-h 

curves and hardness of macro spherical indentation was 

investigated. In this regard, a rough surface was modeled 

and several FE simulations and experimental tests with 

different surface roughness, indentation depths, and 

indenter sizes were performed. Findings of this work can 

be concisely expressed below : 

• With decreasing the Rq roughness, the P-h curves 

elevated and the hardness values increased. 

• With increasing the indenter diameter for indentation 

on the rough surfaces, the effect of Rq roughness on the 

P-h curves and hardness decreased . 

• An increase in depth of indention played a significant 

role in decreasing the effect of Rq roughness in both the 

P-h curves and the hardness values. The values of 

hardness were closer with increasing the indentation 

depth for different values of roughness. 

• The Rq roughness of 2 microns and less was a range 

within which the effect of roughness on the P-h curves 

for the 2.5-mm-diameter indenter and 150-micron 

indentation depth could be ignored . 

• By increasing the roughness, the scattering in 

measured hardness increased. 
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Persian Abstract 

 چکیده 
  مکانیکی   خواص  از   بسیاری.  گذاردمی  تأثیر  ماکرو  مقیاس   در  نفوذ  توسط  مکانیکی   خواص  گیری  اندازه  و  جابجایی-بار  های  منحنی  پراکندگی  بر  توجهی  قابل  طور   به  سطح  زبری

.  تخمین زد  است،  جابجایی-بار  منحنی  از  آمده  دست  به  اطلاعات   که  ،نفوذ  نتایج  از  استفاده  با  توان  می   را  سختی   و  سختی  کرنش  توان  تسلیم،  تنش  الاستیسیته،  مدول  مانند

  نادیده .  شودمی  مواد  خواص  نادرست   تخمین  به  منجر غیر دقیق،   P-h منحنی.  شود  می  استفاده  مکانیکی  خواص  تخمین  برای (P-h) جابجایی-بار  منحنی  اعتماد  قابل  پارامترهای

 بررسی   مورد (BHN) برینل  سختی  عدد  وعمق نفوذ    –نیرو    منحنی  روی  بر  سطح  زبری  اثرات   مقاله،  این  در.  باشد  نفوذ  نتایج  در  خطا   منبعیک    است  ممکن  سطح  زبری  گرفتن

  ماشینکاری   فرآیند  از  استفاده  با  آزمایشی  های  نمونه  روی  بر  میکرون  12  و  2  سطح  زبری.  آمد  دست  به  نفوذ کروی  نتایج  روی  بر  تأثیر  کمترین   با  زبری  محدوده.  گرفت  قرار

عمق نفوذهای    در  سختی  مقادیر   و P-h منحنی  بر  زبری  که  داد  نشان  نتایج.  شد  انجام  مختلف  سطحی  هایزبری  با  محدود  اجزای  سازیشبیه .  شد  ایجاد (EDM) الکتریکی  تخلیه

  فرورفتگی،   عمق  افزایش  با  و  یافت  کاهش  سختی   مقدار  و  P-h منحنی  سطح  ،Rq  زبری   افزایش  با  که  شد  مشاهده.  گذاردمی   تأثیر  ،مختلف  نفوذگرهای با سایزهای  با  مختلف

 داد. نشان تجربی آزمون و FE سازیشبیه  بین خوبی تطابق نتایج. یافت کاهش نیز   سختی بر زبری  تأثیر

 

 
 

 


