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Abstract  Indentation hardness tests are widely used in engineering to test the hardness 
of a material, which can be performed on a macroscopic scale or microscopic scale. In the
present work, copper specimens with different thicknesses were indented with a mechanically-
instrumented Rockwell tester. The effects of spacing between indents, indent distance to the 
edge of the sample, and specimen thickness on the hardness measurement were systemati-
cally quantified. Non-linear finite-element modeling was performed, assuming elastic-plastic 
material response with strain hardening. The two-dimensional numerical modeling of stand-
alone and multiple indentations helped to shed more light on the deformation field under inden-
tation, especially the size of the plastic zones and any interaction between them. In addition to
the geometric effects, the influence of strain hardening of the test material was also investi-
gated using the finite element analysis. The combined experimental and numerical results pro-
vided a range of indent spacings and thicknesses, which yield small to no effect on hardness 
values. The simulations also quantified the size and shape of the plastic zone under an indent.
Lastly, the modeling results showed a competition between the effect of intrinsic material hard-
ening and indent spacing on the value of the measured hardness. 

 
1. Introduction   

Indentation related techniques have been extensively used in measuring materials’ proper-
ties. For instance, hardness tests are used to measure the plastic response of materials [1, 2]. 
Different types of Indentation tests have been carried out by different researchers for decades. 
An investigation of hardness and adhesion of sputter-deposited aluminum on silicon by utilizing 
a continuous indentation test was studied in 1988 [3]. In the following year, fracture toughness 
of brittle materials by measuring the extent of cracking associated with a Vickers indentations 
was presented by Ponton et al. [4]. Hutchins et al. in 2018, used an indentation method to de-
termine the interfacial fracture energy for "pop-in" delaminations in a glass-epoxy system [5]. 

In 2006, Delalleau et al. demonstrated the characterization of the mechanical properties of 
skin by inverse analysis combined with the indentation test [6]. Over the same period of time, 
Ogasawara et al. measured the plastic properties of bulk materials by a single indentation test 
[7]. In the following year, Vickers indentation fracture toughness test was carried out by Quinn et 
al. [8].  

Analysis and simulation of material hardness provide for mechanistic understanding of inden-
tation testing that can work hand-in-hand with experimentation. A new method for the theoreti-
cal analysis of static indentation tests was investigated in 1996 [9]. In the same year, analysis 
of Berkovich indentation using the finite element method was developed by Larsson [10]. Later, 
a mechanistic analysis of the correlation between overall strength and indentation hardness in 
discontinuously-reinforced aluminum was shown in 2003 [11]. In 2009, a new optimization algo-
rithm employed for material property evaluation from the indentation test curve was presented 
[12]. In the following year, numerical analysis for indentation behavior of metal-ceramic  
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multilayers at nanoscale was carried out by Tang et al. [13]. 
Another study for the metal-ceramic nanolayered composites 
using cyclic indentation was reported by Shen et al. [14]. In 
2013, hardness estimation for pile-up materials by strain gradi-
ent plasticity incorporating the geometrically necessary disloca-
tion density was studied [15]. Hadhri et al. later predicted the 
hardness of an AISI 4340 steel cylinder using 3D modelling 
[16]. Some recent simulation studies focused on indentation-
induced steady-state metallic creep [17, 18], indentation re-
sponse affected by undulating multilayers [19], delamination of 
multilayers [20], shear band formation [21], heterogeneity of 
living cells [22], and the viscoelastic drift behavior of polymers 
[23]. The works cited above are only a very small set of an 
extremely large body of literature about the indentation behav-
ior of materials. 

While the indentation hardness testing is straightforward to 
perform, the measurement result may be influenced by mate-
rial property, specimen geometry, and test configurations. Care 
should be taken in interpreting the hardness result. In the pre-
sent work we attempt to provide a mechanistic basis for the 
practical hardness information through combined systematic 
experimental and numerical analyses. The minimum indent 
spacing, the minimum distance from the indentation center to 
the specimen edge, and the minimum thickness of the material 
are assessed by performing extensive mechanically-
instrumented indentation tests, for the purpose of quantifying 
the geometric features which may affect the accuracy of hard-
ness measurement. The common criterion for the indent spac-
ing is that it should be, at minimum, three times the lateral di-
mension of the indentation to prevent interactions from 
neighboring indents [24]. However, some researchers also 
showed that the spacing between two indentation centers can 
be less than this criterion, or even less than 1.5 indentation 
diameters [25]. Hence, extensive mechanically-instrumented 
indentation tests (~200) for different indentation spacings have 
been undertaken here. 

As for the distance from the indentation center to the mate-
rial edge, the commonly followed criterion for Rockwell hard-
ness test is that it should be a minimum of two and a half in-
dent diameters [24]. To shed light on this criterion, various 
distances between the indention center and the material edge 
were employed in the current experimental work. 

In addition to the indentation spacing, the authors considered 
material thickness as another factor that could influence the 
measured indentation hardness. Hardness tests across 5 dif-
ferent material thicknesses have been carried out to observe 
how this factor affects the results. 

A prior work [25] reported inter-indentation spacing studies 
using nano-indentations, but attention of the present work is 
devoted to macro indentations (Rockwell hardness tester). The 
two studies also use a different indenter tip shape, load and 
depth for which the physics of scale are not the same. More-
over, the current study considers the variation of the applied 
load and its consequences. It is the first study, to our knowl-
edge, to employ mechanically-instrumented macro indentation. 

In addition, multi-parameter simulations of indentation testing 
are performed, mimicking the experiments and the ensuing 
plastic zones, to shed light on the calculated hardness values 
as affected by plastic zone interactions beneath the indents. 
This non-linear simulation work was carried out using the 
ABAQUS finite-element software, taking into account the dif-
ferent hardening moduli to shed light on the effect of material 
constitutive behavior on indentation hardness results. It is 
worth mentioning that the effects of indent spacing, material 
thickness and distance from the material edge have become 
increasingly important when the material volume to be probed 
is limited, as in the case of micro devices or miniature compo-
nents. 

 
2. Experimental details 

A main goal of the present work is to demonstrate extensive 
mechanically-instrumented indentation tests for various indent 
spacings and different material thicknesses. The Rockwell 
hardness tester was utilized (Fig. 1). The Rockwell test method 
is commonly employed for all metals, except for the situations 
where the test metal structure, or where the indentations, 
would be too large for the application. 

The determination of the Rockwell hardness of a material in-
volves the application of a minor load. The minor load deter-
mines the zero position. After the application of the minor load, 
the major load is applied and then removed, while the minor 
load remains in place. The depth of penetration from the zero 
datum is measured from a dial. That is, the indentation depth 
and hardness are inversely related. The main advantage of 
Rockwell hardness is its ability to display hardness values di-
rectly, thus eliminating tedious calculations involved in other 
hardness measurement techniques. The equation for Rockwell 
hardness (HR) calculation is given by [26]:  

 
HR N hs= −  (1) 

 
where h is the indentation depth. N and s are scale factors that 

 

 
 
Fig. 1. Experimental setup. 
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depend on the scale of the Rockwell test being used (for 
Rockwell F scale: N = 130 and s = 500). By using Eq. (1), one 
can obtain the indent depth if the hardness is known. Then, the 
indent diameter can be calculated by using the indent depth 
and the geometric relationship for a spherical cap shape [27]: 

 
( ) ( )2 22 0.5r r h d= − +   (2) 

 
where r is the radius of the indenter, h is the depth of the in-
dent and d is the indent diameter, since the Rockwell F scale 
uses a spherical indenter tip. 

In addition to the Rockwell indenter, a X-Y stage and Z stage 
were also employed for this unique experiment as Fig. 1 shows. 
The Z stage is used to move the X-Y stage in the z-direction. 
For the X-Y stage, one can use it to move the specimen later-
ally and longitudinally to ensure accurate indent placement. 

In the present indentation study, 110 copper bar material 
with rounded side edges was chosen (yield strength: 37000 psi 
= 255.1 MPa). The copper bar was 3 feet long, 1 inch wide and 
3/8 inch (9.525 mm) thick. It was cut into several 2-inch-long 
pieces that remain the same width and thickness as the origi-
nal copper bar. Some of the specimens were then thinned 
down into different thicknesses. Also, the rounded side edges 
were CNC-milled for some of the copper pieces in order to 
flatten them. In terms of the material properties, the yield 
strength of 255.1 MPa is based on the property information 
provided by the vendor (McMaster-Carr [28]). Also, the Rock-
well F scale is recommended by the vender for this material. 

After the specimens were readied, the study of indent spac-
ing and its effect on hardness was conducted first. In this study, 
a shim was affixed to the X-Y stage (see Fig. 1). The copper 
specimen was attached onto the shim with double sided tape, 
with the shim and the specimen above it sitting on the Rockwell 
tester anvil (again see Fig. 1). With the X-Y stage, one can 
ensure the accurate movement of the specimen and perform 
the indentation test at desired locations. For the indent spacing 
study, the following center-to-center spacings were used: 3, 2, 
1.5 and 1 times the indent diameter. 

The same mechanically-instrumented experimental setup 
(Fig. 1) was used for the studies of the edge effect and the 
material thickness effect. For the study of the edge effect, the 
round side edges of the copper specimens were machined off 
as described above. Additionally, fine grinding was applied to 
the specimens on their cut side surfaces (which are perpen-
dicular to the top and bottom surfaces experiencing the in-
dents). The necessity for fine grinding will be discussed in Sec. 
4. The distance between the indentation center and the mate-
rial edge is represented by the parameter e. To study the edge 
effect in the indentation test, one can use the X-Y stage to 
move the specimen laterally and perform indentations at vari-
ous e values of 3, 2 and 1 indent diameters from the specimen 
edge. 

For the study of the effect of material thickness on hardness, 
specimens with different thicknesses were tested in indentation. 

Here, the copper specimens were thinned down via CNC ma-
chining to the following thicknesses: 9.525, 8, 4, 1.880 and 
0.940 mm. After thinning, the surfaces to be indented were 
grinded down using sandpapers (grit #120 and 1000) to re-
move the effect of any surface hardening due to machining. 
For this thickness effect, other parameters were held constant. 
For example, the spacing between indents here was at least 3 
times the indent diameter. The distance e during the thickness 
study was at least 2.5 times the indent diameter. According to 
Ref. [29], the minimum thickness for the material to ensure 
thickness-independent results is ten times the indent depth. 
Therefore, for the first two studies on the effect of indent spac-
ing and the distance to the edge e, the thickness used in the 
experiments (9.525 mm) met the criterion in this reference.  

 
3. Finite element analysis 

Two-dimensional finite element analysis (FEA) was utilized 
to simulate the indentation test in order to investigate the effect 
of indent spacing on hardness as well as the plastic zones’ 
interactions beneath the indents. Simulation of the indentations 
test involves two indents at pre-determined spacing applied 
one after the other. The software used for this non-linear simu-
lation is ABAQUS. 

A finite element mesh with denser elements at the indenta-
tion site (see Fig. 2) was applied to the substrate (test material) 
which has the dimensions of 200 mm (wide)×100 mm (thick-
ness). The element type used was the 4-noded bilinear plane 
strain element. The number of elements used in the mesh for 
the simulation was 37500. The copper substrate is elastic-
plastic, with Young’s modulus of 130 GPa and Poisson’s ratio 
of 0.34 [2].  

The plastic response of the copper substrate is dependent 
on the strain hardening of the material. We employed linear 
hardening after the initial yield point, and the slope of this linear 
hardening section is the hardening modulus. Six different hard-
ening moduli were used in the simulation, which are 1 %, 5 %, 
10 %, 15 %, 20 % and 25 % of the Young’s modulus value. 

A semi-spherical indenter geometry was chosen mimicking 
the spherical Rockwell indenter. The steel indenter is assumed 
to be linearly elastic, with Young’s modulus 215 GPa and Pois-
son’s ratio 0.28 [2].  

The indentation test was simulated by moving the semi-
spherical indenter into the top face of the substrate. Two load 

 

 
 
Fig. 2. Finite element model with very fine elements in the upper portion of 
the substrate near the indentation site. 



 Journal of Mechanical Science and Technology 37 (2) 2023  DOI 10.1007/s12206-023-0112-7 
 
 

 
690  

values were used in the simulations to investigate the effect of 
loading on the ensuing results, i.e. on the ensuing hardness 
trends as relating to indent spacing and material properties. 
One is 600 N and the other is 1200 N. Note that the load-
controlled experiment uses 60 kg force for the Rockwell F 
scale. The bottom boundary of the substrate was fixed in the 
vertical direction during the indentation. Also, the left bottom 
corner of the substrate was entirely fixed. The top face of the 
substrate was not constrained but a friction coefficient of 0.25 
was applied for the contact modeling between the indenter and 
the substrate [30].  

In measuring the hardness, the indent diameter (projected 
contact diameter) in the 2D simulations needs to be deter-
mined. Then, one can obtain the projected contact area by 
multiplying the indent diameter by a unit depth of the substrate 
following the current 2D simulation setting. Indentation hard-
ness H is calculated via: 

 
/H F A=   (3) 

 
where F is the applied indentation force in the vertical direction 
and A is the projected contact area. It is important to note that 
the two-dimensional finite element analysis cannot replicate the 
conditions of a real three-dimensional indentation test. None-
theless, the objective of this simulation is to facilitate a direct 
but qualitative comparison to the experimental results. 

 
4. Results and discussion 
4.1 Experimental results 

4.1.1 Indent spacing 
Fig. 3 shows the images from indentation tests at different 

indent spacings.  
These pictures are zoomed in and are all away from the 

specimen edges.  
The Rockwell F hardness results for the indentations in Figs. 

3(a)-(d), are plotted in Fig. 4 for the mean values and associ-
ated error bars exhibiting the experimental scatter. As Fig. 4 
shows, the hardness increases with decreasing indent spacing. 
This is hypothesized as the plastic zones under them tend to 
overlap and thus produce harder response. This physical phe-
nomenon can be revealed clearly using simulations presented 
later in this paper. The figure also shows that the hardness 
values tend to stabilize around 3 indent diameters spacing. 
However, taking into account the scatter in the data, there is 
not a significant change in the hardness values from the lowest 
to the highest average results (a difference of about 2 % maxi-
mum). 

To further explore the plastic zone interaction effect on the 
hardness values, the authors did a row of indentations that 
were 1 indent (center-to-center) apart. This is the bottom row in 
Fig. 3(e). Then another row of indents was carried out (the top 
row in Fig. 3(e)). Lastly, the middle row of indents in the figure 
was made and the hardness calculated. This allowed for up to 

five interactions between indent plastic zones versus the one 
interaction present in one row of indents. On average for this 
middle row, the measured hardness was 87.06 HRF which 
was higher than the 84.04 HRF for the one isolated row of 
indents (Fig. 3(d)) with 1 indent diameter spacing. Comparing 
the last two numbers, there is a difference now of about 6 % 
indicating that more indents surrounding a new indent will 
cause the hardness value to go up. In other words, there are 
more plastic zones interacting with each other beneath the 
indentations in Fig. 3(e) than in Fig. 3(d). 

 
4.1.2 Specimen thickness 

As the material thickness decreases, it is expected that the 
hardness values would differ significantly from bulk values. 
This could be due to either less resistance encountered inside 
the material towards the indentation force since less material 
can experience plastic hardening or because more resistance 
might be felt from the hard tester base, i.e., anvil, upon which 
the specimen lies. Such possibilities can lead to inaccurate test 
results. According to Fig. 5, the hardness slightly goes up, then 

 
(a) Indentation test at 3 indent diameters spacing for 9.525-mm-thick  

copper (1 row) 
 

 
(b) Indentation test at 2 indent diameters spacing for 9.525-mm-thick  

copper (1 row) 
 

 
(c) Indentation test at 1.5 indent diameters spacing for 9.525-mm-thick 

copper (1 row) 
 

 
(d) Indentation test at 1 indent diameter spacing for 9.525-mm-thick  

copper (1 row) 
 

 
(e) Indentation test at 1 indent diameter spacing for 9.525-mm-thick  

copper (3 rows) 
 
Fig. 3. Indentation images. 
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down as the material thickness decreases. The figure shows 
that when the thickness decreases, the effect of the anvil is felt 
more and more but at very small thicknesses there is not much 
material left to resist the indentation (i.e., to cause an increase 
in hardness). The figure shows that anything above a normal-
ized thickness value of 40 should be sufficient for this type of 
indentation testing, i.e., the hardness values stabilize after this 
thickness. It is important to mention again here that the indent 
depth is calculated from Eq. (1) using the hardness value. 

 
4.1.3 Distance from the indentation center to the 

material edge 
If one indents close to the specimen edge, hardness values 

are expected to decline due to less material resistance since 
less plastic zone can form there. However, this experiment 
employed a rounded edge copper bar. Hence, the rounded 
edges were CNC-milled as mentioned above. The work hard-
ening caused by machining will influence the hardness results 
as a function of e. To remove the effect of work hardening, we 
performed fine grinding on the cut surfaces before the hard-
ness testing. This yielded the expected behavior as Fig. 6 
shows. The figure shows that, once the e value is 2 or higher, 

the hardness values tend to stabilize. Fig. 7 shows indents 
close to the flat side edge of the specimen for one exemplary e 
value. 

 
4.2 Simulation results 

4.2.1 Effect of indent spacing on hardness 
The simulations all started with one indentation, while calcu-

lating its corresponding hardness value, followed by a second 
indentation. The second indentation was spaced 1 indent di-
ameter, 2 indent diameters or 3 indent diameters from the first 
indent. Fig. 8 shows an example of one indent (Fig. 8(a)) fol-
lowed by a second indent (Fig. 8(b)) with the 2 indent diameter 
spacing. The color contours represent the equivalent plastic 
strain. This figure is exemplary of what is seen in the different 
cases: the plastic zone of the second indent interacts with the 
plastic zone of the first indent affecting the calculated hardness 
in the process.  

Fig. 9 shows the calculated second indentation hardness as 
a function of the indent spacing. The hardness is seen to in-
crease as the indent spacing decreases, which is consistent 
with the experimental indentation test results. Next, the second 
indentation hardness was normalized by the first indentation 
(i.e., the non-interacting indentation) hardness in order to study 
the deviation of the indentation hardness as one varies the 
indent spacing. As Fig. 10 shows, the indentation hardness for 
the 1-indent-diameter spacing is the highest followed by the 2-
indent-diameter spacing and then the 3-indent-diameter spac-
ing. The 3-indent-diameter spacing is equal to the stand-alone 
indentation; the modeling thus suggests that, at this spacing or 
more, the hardness measurement is not affected by nearby 

  
Fig. 4. Indentation test results at different indent spacings for 9.525-mm-
thick copper (mean value is averaged over 40 points or hardness tests for 
each indent spacing). 

 

 
Fig. 5. Indentation test results for different copper specimen thicknesses. 

 

 
Fig. 6. Indentation test results at different e values for 9.525-mm-thick 
copper. 

 

 
 
Fig. 7. This figure shows e equal to 2 indentation diameters for the 9.525-
mm-thick copper. 
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indents. 
As the hardening modulus increases from 1 % upwards, the 

normalized indentation hardness increases as well. This is 
expected since in the limit of 0 % hardening modulus, no inter-
action of the plastic zones is expected (due to no physical 
hardening happening between dislocation-induced plasticity 
[31]). That interaction should increase with increased internal 
hardening in the material. The hardening modulus of 15 % 
exhibits the highest increase in normalized hardness values as 
the indent spacing is decreased (Fig. 10). After the 15 % hard-
ening modulus, however, the normalized hardness values de-
crease. This is also expected, as in the limit of 100 % harden-
ing modulus, the material becomes essentially elastic so there 

is essentially no plastic zones to interact. Sec. 4.2.3 further 
elaborates on this plastic zone size effect. 

The same simulation process was repeated with a different 
constant load (1200 N) in order to capture the effect of the 
indentation load. Fig. 11 shows an example of the contour plots 
under indentation. We contrast the plastic zone sizes in Figs. 8 
and 11. Fig. 11 shows that the indent size (diameter in real 
testing) and the associated plastic zone both increase in value 
as the indent load is increased. Fig. 11(b) for 1200 N is similar 
to Fig. 8(b) for 600 N in the sense that they both show the in-
teracting plastic zones beneath the indented surface due to 
other nearby indents. 

Figs. 12 and 13 are similar to Figs. 9 and 10 but with results 
for the 1200 N load instead of 600 N. The hardness values in 

 
(a) 

 

 
(b) 

 
Fig. 8. Equivalent plastic strain contours for 600 N constant load, using 5 % 
hardening modulus for the strain hardening response of the material: (a) 
first indent; (b) second indent (at 2-indent-diameter spacing). 

 

 
 
Fig. 9. Simulation results (second indentation hardness vs. normalized 
indent spacing) for various hardening moduli and 600 N constant load. 

 
 
Fig. 10. Normalized hardness (second indentation hardness is normalized 
by the first indentation hardness) vs. normalized spacing (normalized by 
indent diameter) for 6 different hardening moduli (percent of Young’s 
modulus) and 600 N constant load (Note that the results of 20 % and 25 % 
are on top of each other). 

 

 
(a) 

 

 
(b) 

 
Fig. 11. Equivalent plastic strain contours for 1200 N constant load and 5 % 
hardening modulus: (a) first indent; (b) second indent (at 2-indent-diameter 
spacing). 
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MPa for 1200 N are larger than for 600 N. The normalized 
hardness in Fig. 13 is higher than that in Fig. 10, indicating that 
the plastic zone interactions with the higher indentation load 
are stronger and hence the normalized hardness is higher than 
for 600 N. Another important observation from Fig. 13 is that, 
similar to Fig. 10, a 3-indent-diameter spacing is sufficient to 
produce hardness results that are not affected by other nearby 
indents.  

 
4.2.2 Plastic zones interactions 

In this sub-section, the authors present contour plots for a 
chosen hardening modulus (25 %) in order to show how, for 
the same applied indentation load, more interaction between 
the indentation plastic zones result in higher hardness values 
for the second indent. Note that, for the same 1200 N load, the 
indentation depth and diameter for 25 % hardening modulus 
(Fig. 14(b)) are smaller than for 5 % hardening modulus (Fig. 
11(b)). This leads to, for the 2-indent-diameter spacing, a 0 % 
hardness deviation between the second indent over the first 
indent for 25 % hardening modulus, as opposed to a 2.67 % 
hardness deviation between the second indent over the first 
indent for 5 % hardening modulus (see Fig. 13). 

 
4.2.3 Plastic zone size 

For a single indentation, the plastic zone under the indenter 

exhibits a more or less circular shape. To quantify this shape, 
two dimensions are measured: the width of the zone D1 and 
the distance from the indented surface to the bottom of the 
zone D2 (see Fig. 15, and Tables 1 and 2). The units of D1 and 
D2 are both 10-4 m. The table shows the diameters in meas-
ured units and also as normalized values D1* and D2* (D1 
normalized with respect to the indent diameter, and D2 with 
respect to the indent depth, respectively). H’ is the hardening 
modulus. According to Table 1, the plastic zone induced by the 
indent is roughly a circle. The zone is smaller for a material 
with a higher hardening modulus, which implies that there is 
less zone interaction for the hard material (See the discussion 
in Subsec. 4.2.1). However, for materials with higher hardening 
moduli, as the figures before (Figs. 12 and 9) showed, the ma-
terial expectedly measures higher hardness values. 

As a consequence, there is a competition between diminish-
ing plastic zone size and interaction with higher hardening 
moduli resulting in smaller normalized hardness values for the 
second indent, and between increasing hardness values due to 
higher hardening moduli. This competition is responsible for 

 
 
Fig. 12. Simulation results (second indentation hardness vs. normalized 
indent spacing) for various hardening moduli and 1200 N constant load. 

 

 
 
Fig. 13. Normalized hardness (second indentation hardness is normalized 
by the first indentation hardness) vs. normalized spacing (normalized by 
indent diameter) for 6 different hardening moduli and 1200 N constant load.

 
(a) Hardness deviation: 0 % (3 indent-diameter-spacing) 

 

 
(b) Hardness deviation: 0 % (2 indent-diameter-spacing) 

 

 
(c) Hardness deviation: 10.7 % (1 indent-diameter-spacing) 

 
Fig. 14. The plastic zones beneath the indents at various indent spacings 
for a hardening modulus of 25 % and 1200 N indentation load. 
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first an increase in the value of normalized hardness with the 
hardening modulus, up to 15 % hardening moduli, and then a 
decrease (see Figs. 10 and 13). 

Tables 1 and 2 also reveal that, using a plastic strain thresh-
old of 0.2 %, the lateral size of the plastic zone is about 4 times 
the indent diameter and up to about 6 times. This indicates that 
when indenting, and to ensure no interaction of the plastic zone 
with sides of the specimens (free surfaces or surfaces in con-
tact with other things), one needs to account for this lateral 
dimension below the indent surface in order to achieve hard-
ness values that are not skewed in values. This can be 
gleaned from Fig. 6 for the experiments. A similar observation 
can be made about the depth dimension from the D2* values. 
The depth of the indented specimen needs to be at least about 
40 times the indent depth for accurate hardness readings. This 
is in agreement with the experimental hardness measurement 
in Fig. 5. 

 
4.2.4 Comparing experimental and modeling hard-

ness values 
The hardness results obtained from the indentation test were 

in the Rockwell F scale (HRF), which were converted into units 
of MPa to compare with the simulation results. To perform the 
conversion from HRF to MPa, one can calculate the indent 

depth from Eq. (1) based on HRF. Then, the indent diameter 
can also be obtained from Eq. (2). Once the indent diameter is 
known, the indent area can be obtained immediately since the 
indenter is spherical. The hardness in units of MPa can then be 
developed using Eq. (3). The experimental data in Fig. 16(a) is 
within the data range for the simulations in Fig. 9 and also 
showing a similar upward trend with decreasing distance be-
tween indents. Moreover, the normalized hardness results in 
Fig. 16(b) also shows a similar trend to Fig. 10 but more on the 
low-end for the 1-indent-diameter spacing. Overall, it is to be 
cautioned that comparing 2D simulation results to 3D experi-
mental hardness results is not expected to generate quantita-
tive agreement. The comparison is more qualitative in nature 
but it can shed some light on the plastic zone size, shape and 
interactions. This qualitative agreement lends credibility to the 
general approach used in this work. 

 
5. Conclusions 

The mechanically-instrumented Rockwell indentation tests 
for 110 copper were undertaken, along with 2D non-linear fi-
nite-element simulations of elastic-plastic material with various 

Table 1. Plastic zone dimensions for various hardening moduli (for 600 N).
 

H’ 5 % 10 % 15 % 20 % 25 % 

D1 (units) 152.6 133.2 123.5 113.9 108.1 

D2 (units) 156.4 137.3 127.7 118.0 108.2 

D1* 3.7 3.8 4 4.3 4 
D2* 37.2 41.6 44 45.3 45.4 

 
Table 2. Plastic zone dimensions for various hardening moduli (for 1200 N).
 

H’ 5 % 10 % 15 % 20 % 25 % 

D1 (units) 322.6 280 253.0 235.5 222 

D2 (units) 340 293 264.2 245 230 

D1* 5.3 5.6 5.8 5.9 6.1 
D2* 32.4 37.6 40.0 41.5 42.6 

 

 
 
Fig. 15. Plastic zone size beneath the indent. 

 

 
(a) Indentation test results (in MPa) at different indent spacings for  

0.375-inch-thick copper 

 

 
(b) Normalized hardness from Fig. 16(a) at different normalized indent 

spacings. The hardness was normalized by the hardness value at  
3-indent-diameters spacing  

 
Fig. 16. Indentation test results converted into MPa and then normalized. 
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linear hardening moduli under different indentation loads. Sali-
ent findings are summarized below. 

1) Hardness increases with decreasing indentation spacing, 
due to the plastic zones under the nearby indents overlapping 
and thus producing a harder response.  

2) No significant changes in hardness values occur unless 
the indent spacing is less than 2-indent-diameters.  

3) For hardness values independent of the plastic zone in-
teraction or specimen edge effect, it is better to aim at an in-
dent spacing equal to four diameters.  

4) The size of the plastic zone decreases with increased 
strain hardening, with the zone shape very close to a circle. 

5) The thickness of the indented specimen, as shown by the 
modeling and the experiments, should be on the order of 40 
indent depths to minimize any effect from the supporting plat-
form underneath the specimen. 

6) The numerical modeling results demonstrated that there is 
a certain material hardening modulus (equal to 15 % of the 
Young’s modulus) which corresponds to the highest increase 
in normalized hardness with decreased indent spacing. This 
increasing trend diminished if the hardening modulus is above 
or below the 15 % case. 
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