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Surface roughness is a well-known factor in effecting to the hardness value in low 
indentation depth. The rougher surface induces a greater hardness value. However, 
the hardening mechanisms, such as the effect of geometrically necessary dislocations 
(GNDs), with surface roughness is rarely discussed. Therefore, the current study 
revealed the relationship between the surface roughness effect and the material 
dislocation through GNDs by using finite element analysis. 3D Crystal plasticity finite 
element indentation model was developed with various surface roughness between 
24 to 140 nm and a range of indentation depth 3.55 to 12.27 µm to indent on the 
copper (111) material. The experimental indentation work was performed to validate 
the finite element model. The surface roughness was discovered to contribute to GND 
density. The GNDs distribution is highly dependent on the geometry of surface 
asperities, as the surface get rougher the GNDs distribution tends to be 
inhomogeneous. The GND density is exponentially proportional to the roughness 
effect. The GND density increases from 3.58 × 1014 m-2 for surface roughness 24 nm to 
1.01 × 1015 m-2 for surface roughness 140 nm at indentation depth 3.55 µm. Therefore, 
GND density which contributes to hardening effect causes rougher surface to induce 
greater hardness value. 
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1. Introduction 

 
Indentation is commonly used to measure the material properties such as hardness and Young’s 

modulus of the material. The indenter moves towards the material and leaves an imprint when the 
indenter is removed. In macro-indentation, the hardness is found to be constant with load. In the 
latter, the hardness was found to vary in micro- and nano- scale. The hardness decreases as the 
indentation load increases which is known as indentation size effect (ISE). Many factors, including 
surface roughness, indenter tip radius, oxidation, and crack formation, contribute to ISE. McElhaney 
et al., [1] found the hardness of polycrystalline copper and single copper (111) increase at small 
indentation depth. Nix and Gao [2] described the ISE with the concept of Geometrically Necessary 
Dislocation (GND) and they showed the relation perfectly fitted McElhaney et al., hardness data. GND 
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density is a type of dislocation mechanism that contributes to the hardening effect. This mechanism 
involves either storing the dislocations for compatible deformation or accumulating and trapping 
them into each other, which restricts the dislocation motion. Huang et al., [3] fitted with Nix-Gao 
model which the hardness value increased as the indentation depth decreased. However, previous 
studies did not quantify the surface roughness before investigating their studies, leading to a 
deviation in result when replicating previous study. 

Surface roughness is a well-known factor in contributing to the ISE. Numerous studies revealed 
surface roughness is sensitive to the hardness value. Chen et al., [4] investigated the Young’s modulus 
and hardness of AISI 316L stainless steel increased on rougher surface using finite element 
simulation. The rougher surface was found to exhibit a more pronounced asymmetrical strain 
distribution. Chuah and Ripin [5] developed a roughness dependent friction model using finite 
element method. The model was fitted to the experimental results and a greater frictional effect was 
found on the rougher surface. Most of the experimental results found that the rougher surface 
produced a greater hardness value, while Jiang et al., [6] and Kim et al., [7] obtained an opposite 
trend, where the smoother surface produced a greater hardness value. To address the opposite trend 
between surface roughness and hardness value, Tang et al., [8] simulated the effect of different 
positions of the indenter tip on the surface. The position of the indenter tip on the valley and peak 
of the surface asperities generated a higher and lower hardness value, respectively, when compared 
to the perfectly flat surface. They suggested that the opposite trend of surface roughness and 
hardness value was caused by the large amplitude-to-wavelength ratio of the surface asperities, 
which led to the presence of a side bending effect.  

Although the relationship between surface roughness and hardness was found during 
indentation, no further investigation has been conducted on the dislocation mechanism, such as GND 
density response to the effect of surface roughness. Javid et al., [9] and Qu et al., [10] found out the 
GND density increased as the indentation depth decreased for tungsten and copper material, 
respectively. The increase in hardness value at smaller indentation depths was due to the presence 
of high GND density. However, Demir et al., [11] revealed the GND density increased with indentation 
depth for copper material, which contradicted the Nix-Gao model. Their findings revealed that the 
distribution of GND density was observed to be inhomogeneous across all indentation depths. They 
suggested the opposite conclusion was applicable for indentation depth less than 1 µm with conical 
indenter. Nevertheless, the understanding of the GND density to the surface roughness effect is 
rarely discussed. Therefore, the present study investigated the relationship dislocation mechanisms 
in terms of GNDs and surface roughness affect in micro-indentation using finite element analysis. The 
GND density distribution with surface roughness effect will be revealed. 

 
2. Methodology  
2.1 Experimental Method 

 
The single crystal copper (111) with a dimension of 10 mm × 10 mm × 2 mm was purchased for 

micro-indentation testing. Mechanical polishing with different grit size of 1000, 1500 and 2000 silicon 
carbide paper was carried out on the specimen to produce three different surface roughness. The 
surface roughness of the specimen was measured by using surface roughness tester (Mitutoyo 
Surfiest SV 400). The sampling length to determining the surface roughness parameter on the 
specimen compliance with EN ISO 4288. 1000, 1500 and 2000 silicon carbide paper resulted a surface 
roughness of 24 nm, 67 nm, and 140 nm, respectively. Each of the indentation gone through a surface 
roughness measurement to ensure the indentation had a roughness value that were similar to the 
roughness of prepared sample. 
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The micro-indentation was performed by the Sinowan Vickers hardness tester to find out the 
hardness of the specimen. Before the indentation process, the machine undergone calibration using 
a calibrator block to indent and tallied the hardness value given in the instrument datasheet. Copper 
(111) specimen undergone micro-indentation with four different indentation loads of 0.245 N, 0.49 
N, 0.9807 N and 1.96 N to observe the indentation size effects response to the various loads. To 
determine the average hardness of each load, it was performed for five times. Indentation was at 
least five times farther apart than the size of indentation. The length of diagonal indentation, d was 
obtained from Vickers hardness tester to calculate the hardness value as expressed in Eq. (1). 

 

𝐻 =  1.872
𝐹

𝑑2               (1) 

 
where H is the hardness value and F is the indentation force. 
 
2.1 3D Crystal Plasticity Indentation Model 

 
The 3D indentation model was developed with Abaqus software and the GND density was 

calculated using the user material subroutine UMAT [12]. The surface roughness of 24 nm, 67 nm, 
and 140 nm was generated using MATLAB software developed by Kartini et al., [13]. The surface 
roughnesses was generated on the specimen of indentation model as shown in Figure 1. As copper 
(111) material was used, Table 1 shows the elastic constants and burger vector of copper (111) 
material to employ in the finite element simulation. 

 

 
Fig. 1. Various surface roughness was generated on specimen of indentation model 

 
Table 1 
The elastic constants and burger vector of copper 
(111) employed in finite element simulation 
Material parameters 

C11 [GPa] 168 
C12 [GPa] 121.4 
C44 [GPa] 75.4 
Burger vector [nm] 0.256 
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Vickers indenter and the copper (111) specimen were constructed in a dimension of 150 µm × 
150 µm × 110 µm as shown in Figure 1. The frictional coefficient between the indenter and specimen 
was set to zero so that the result of plastic deformation behaviour was solely between the interaction 
between indenter and surface asperities [5]. The Vickers indenter was set to be rigid. 8,000 quadratic 
hexahedral element (C3D8) was employed in the model. A fixed boundary condition for all degree of 
freedom was set to the bottom of specimen. The loading and unloading process was controlled by 
displacement, h and was set to 3.55 µm, 5.41 µm, 8.25 µm and 12.27 µm. The indenter was applied 
to travel in y-axis only. The indenter descended for 8 seconds, then dwelled for 10 seconds before 
returning to its original position. The load-displacement graph was generated to determine the 
hardness and validate with the experimental hardness value. 

 
3. Results  

 
Load-displacement graph is typically generated from the finite element analysis software to 

determine the simulation hardness value [14]. As the simulation used displacement method to move 
the indenter, the indentation depth is represented by the displacement to evaluate the ISE. Figure 2 
shows the load against indentation depth graph when h = 3.55 µm, 5.41 µm, 8.25 µm, and 12.27 µm, 
respectively with varying surface roughness. The rougher surface exhibits a greater indentation load 
was needed in order to penetrate the material at a given indentation depth. The significant difference 
of the loading process is due to the presence of surface roughness, which requires flattening surface 
asperities before penetrating the material [7]. 
 

 
Fig. 2. Load-indentation depth curve obtained from simulation 

 
Figure 3 shows the hardness value of simulation and experiment are plotted against indentation 

depth. The simulation and experiment hardness value both are in good agreement, indicating the 
GND density result generated from simulation is reliable. The degree of ISE increases as the surface 
becomes rougher. The rougher surface tends to have a greater hardness value compared to smoother 
surface. The roughness effect is more pronounced in small indentation load and gradually decrease 
as the indentation load increase. Therefore, the hardness is greater for rougher surface.  
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Fig. 3. Hardness against indentation depth with various surface roughness level 

 
Nix-Gao relation revealed the ISE by introducing the presence of hardening effect which is 

associated with the GND density [2]. Figure 4 shows the surface roughness effect alters the GND 
density. The GND density increase exponentially with the surface roughness and this behaviour 
decreases as the indentation depth increase. The trend in Figure 4 fits with Nix-Gao relation. Based 
on Figure 4, indentation depth of 3.55 µm has the steepest line gradient, which indicates GND density 
is more pronounced at a lower indentation depth and gets more severe as surface roughness 
increases. 

 

 
Fig. 4. GND density against surface roughness, Ra with various indentation depth 
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Figure 5 presents cross-sectional view of the distribution of GND density with surface roughness 
24 nm, 67 nm, and 140 nm at indentation depth 3.55 µm and 5.41 µm. The rougher surface resulting 
GND density exhibits an asymmetric distribution and the maximum GND is generated near the slant 
of indentation rather than the middle of indentation, where the indenter tip position is [15-16]. This 
indicates the GNDs are stored at surface asperities and acts as an obstacle to restrict the dislocation 
motion [17]. Based on Figure 5, the GNDs distribution is highly dependent on the geometry of surface 
asperities, as the surface get smoother the GND distribution tends to have less inhomogeneous 
distribution. This is due to GND density is lesser for smoother surface. 

Based on Figure 5, it is interesting to note that GNDs volume is smaller for surface roughness 140 
nm compared to 24 nm at the same indentation depth. Based on Nix-Gao model, volume of GNDs is 
inversely proportional to GND density [2]. Therefore, the smaller volume of GND resulting a greater 
GND density in rougher surface. The GND density decreases as the indentation depth increases. 
Hence, the distribution of GNDs are lesser for indentation depth, 3.55 µm compared to 5.41 µm. The 
present analysis shows the same trend with previous studies [2,10].  

 

 
Fig. 5. Cross-sectional view of GND density with various surface roughness and indentation depth 

 
Figure 6 displays cross-sectional view of residual indentation along X axis with various surface 

roughness when indentation depth is 3.55 µm. The surface roughness with 140 nm revealed to has 
the most uneven surface at residual indentation compared to surface roughness, 24 nm. This evident 
shows that the indenter is not completely flattened the surface during the indentation. A portion of 
the indentation force is used to flatten the surface asperities before indent on the flattened surface 
for rougher surface [8]. This concluded the surface roughness effect contributed to the hardening 
effect, leading to the severity in ISE at low indentation depth. 
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Fig. 6. Cross-sectional view of residual indentation along X axis when indentation depth is 3.55 µm 

 
4. Conclusions 

 
The current study revealed the relationship between the material dislocation through GNDs and 

surface roughness effect using finite element analysis. Four different indentation depths and three 
different surface roughnesses were indented on copper (111). Experimental hardness value was 
compared with simulation hardness value. Finite element simulation was used to obtain GND density. 
This method quantified the GND density with roughness effect which was responsible for indentation 
size effect. The following conclusion can be formed based on the findings. 

 
i. Surface roughness plays a role in contributing to GND density and indentation size effect. 

ii. The GND density is exponentially proportional to the surface roughness and inversely 
proportional to the indentation depth. 

iii. GND density is distributed inhomogeneously depending on the surface geometry. The 
GNDs volume varies with surface roughness. 
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