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Abstract. The article presents a simulation of metal hardness determination by the Rockwell method. 
The authors describe a physical model of an indenter and the examined sample built by means of the 
Nastran FX 2010 program using the finite elements method. The modelling included subsequent stages 
of indenter loads that follow the procedure used in the method. The verifying calculations were made 
for the results of C45 steel hardness of approx. 20 HRC. Two methods of hardness measurements were 
analyzed. A diamond cone was used as an indenting tool in one method, a steel ball in the other. As a 
result of calculations, spatial maps of elastic and plastic strains and stresses were obtained throughout 
the process. The hardness results obtained from computer simulations and those from experiments 
involving C45 steel are similar. 
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INTRODUCTION 
Technical secondary and higher education schools run lab classes in metal hardness 
measurements by static methods (IPNT; Low, 2000; Konowalski, 2005; WAT). Hardness 
measurements usually take place in laboratory rooms on dedicated hardness testers. Miniature 
indenters used in the Rockwell method create miniature indentations visible only under a 
magnifying glass or a microscope. Modern computer programs based on the finite elements 
method allow modelling subsequent stages of the indenter pressing process in the Rockwell 
method and exact imaging on a computer screen of both elastic and plastic strains and stresses 
(Zhang et al., 2018). The simulations presented in the article may enrich the lab activities by 
illustrating the processes taking place during the pressing of an indenter into the tested 
specimen. The principles of Rockwell method hardness measurement are regulated by the 
standard (PKN, 2016). The indenter may be made in the form of a steel ball (scale B, T, F) or 
a 120° diamond cone with a radius of roundness 0.2 mm for the scale C, A and N. This article 
deals with computer simulation of the hardness measurement process using a diamond cone 

(determination of HRC hardness) and a steel ball with a diameter  = 1.5875 mm (determination 
of HRB hardness). 
 
MEASUREMENT OF METAL HARDNESS BY THE ROCKWELL METHOD USING A 
DIAMOND CONE 
Measurement of metal hardness by this method consists of three stages: 
1. In the first stage the indenter is pressed into the specimen with a preliminary minor load  

F0 = 98.1 N (10 kG). The indenter then penetrates the sample to a depth of h0 (Fig. 1). 
2. The second stage consists in pressing the indenter with a major load Fmax = F0 + Fg = 98.1 

+ 1373.4 = 1471.5 N (150 kG). The indenter is loaded with a force Fg = 1373.4 N (140 kG) 
in addition to the first preliminary load. Then the indenter penetrates the specimen to a 
depth hg. 
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3. In the third step the indenter load is F0 = 98.1 N (10 kG). In this stage the additional major 
load Fg = 1373.4 N is removed. The indenter slightly rises and stops at a depth hk settled 
in that final stage. 

The diagram of metal hardness measurement using a diamond cone is shown in Figure 1. 
 

 
Fig. 1. The diagram of metal hardness measurement by the Rockwell method using  

a diamond cone indenter with a 120 angle and roundness radius of 0.2 mm. F0,  
Fg – preliminary and major loads, h0, hg, hk are respective depths of indentations,  

HRC hardness in relative units with 0.002 mm graduation 
 

The measure of hardness in this method is a HRC depth expressed in dimensionless graduation: 

0.002
100HRC 0hhk   (1) 

where: h0 is an initial depth obtained in the first stage (indenter is under preliminary load F0), hk 
is the final depth obtained in the third stage (under the minor preliminary load F0, but after 
removing the major load Fg). 

 
A computer model of metal hardness measurement by the Rockwell method using a 
diamond cone (HRC scale) 
Due to the axial symmetry of the system: pressing force – indenter – tested sample – support 
conditions and in order to reduce the computing time and consequent lower computer memory 
demand, we have decided to examine a sector of the indenter and metal specimen obtained by 
turning their axial half-section by 1°, as shown in Fig. 2: 

 

 
Fig. 2. The examined sector of the indenter and metal specimen obtained  

by rotating the axial half-section by 1° angle 
 

The ultimate division into finite elements of the indenter-tested specimen system, obtained from 
numerous previous simulation tests, is shown in Fig. 3. 
The model consists of 2692 nodes and 1300 solids. The metal specimen has a shape of a 
cylinder with a diameter of 10 mm and 5 mm thickness, is made of steel C45 with the plastic 
limit Re = 700 MPa (Haimann, 1974). Due to the need for modeling permanent plastic 
deformations the model of steel sample material used was elastic-plastic one with linear 
strengthening. Calculations made use of non-linear static analysis provided by the Nastran FX 
2010 program. The diamond indenter, due to negligible elastic deformations, was simplified to 
a rigid external dish and modelled by flat elements. This made it possible to use only one rigid 
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element replacing the whole indenter. In accordance with the principles of the method, three 
stages of pressing force applied on the indenter were modelled (Fig. 4): 
1. Preliminary minor load F0 = 98.1 N (10 kG). 
2. Major load Fmax = 1471.5 N (150 kG), a total of the preliminary load F0 = 98.1 N increased 

by the major load Fg = 1373.4 N (140 kG), Fmax = F0 + Fg =98.1 +1373.4 = 1471.5 N (150 
kG). 

3. Minor preliminary load F0 = 98.1 N (10 kG). Removal of the major load Fg = 1373.4 N (140 
kG). 

 

 
Fig 3. The division into finite elements of the system: indenter – test sample 

 

 
Fig. 4. The curve of maximum deformations in a metal sample caused by pressing a diamond 

cone in three stages as a function of steps of solutions by the module of non-linear static, 
obtained in the iterations toward the solution 

 
As a result of computer calculations we get strains, stresses, responses and other 
quantities. To determine hardness by the Rockwell method we have to know vertical 
deformations because they occur in final equations for hardness (Formula 2). Figures 
5-7 show the results of calculations of those vertical deformations for the three stages 
of indenter pressing. 
Hardness of the tested steel by this method is determined based on the formula: 

19.51
0.002

0.029370.1904
100

0.002
100HRC 0 







hhk  (2) 

where:  
h0 is an initial depth read from Fig. 4 (indenter is under preliminary load F0),  
h0 = 0.02937 mm,  
hk is the final depth readout from Fig. 5 (also under preliminary load F0, but after removing the 
major load Fg),  
hk = 0.1904 mm. 
Hardness 19.51 HRC means that it is very soft steel. For hardness less than 20 HRC the method 
should not be used, and replaced by HRB, that is a steel ball indenter with lower major load Fg. 
Further in the article we discuss the measurement of hardness using a steel ball. 
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Fig. 5. Vertical deformations under preliminary load F0 = 98.1 N (10 kG) 

 

 
Fig. 6. Vertical deformations under major load F0 + Fg = 98.1 +1373.4 = 1471.5 N (150 kG) 

 

 
Fig. 7. Vertical deformations after returning to preliminary load F0 = 98.1 N (10 kG).  

Removal of the major load Fg = 1373.4 N (140 kG) 
 
METAL HARDNESS MEASUREMENT BY THE ROCKWELL METHOD USING A STEEL 
BALL 
The diagram of metal hardness measurement by the Rockwell method using a steel ball with a 
diameter of 1.5875 mm does not principally differ from that using a diamond cone, previously 
shown in Figure 1 (Fig. 8). 
The preliminary load is the same F0 = 98.1 N, while the maximum load applied is lower  
Fmax = F0 + Fg = 98.1 + 882.9 = 981 N (100 kG). 
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Fig. 8. The diagram of metal hardness measurement by the Rockwell method using a steel ball 

indenter with a diameter 1.5875 mm (HRB scale). F0, Fg – preliminary and major loads,  
h0, hg, hk – respective depths of indentations,  

HRB hardness expressed in relative units with 0.002 mm graduation 
 
A computer model of hardness measurement by the Rockwell method using a steel ball 
with a diameter 1.5875 mm (HRB scale) 
A computer model of a sample metal is exactly the same as in Fig. 3, while the indenter is 
modelled as a sector of a rigid spherical dish. 
Figures 10-12 show the results of computer calculations of vertical deformations for three stages 
of pressing a steel ball indenter (Fig. 9). 
Hardness of the tested steel by this method is determined from this formula: 

101.628.37130
0.002

0.010470.06721
130

0.002
130HRB 0 







hhk  (3) 

where:  
h0 is an initial depth read from Fig. 10 (indenter is under preliminary load F0),  
h0 = 0.01047 mm,  
hk is the final depth read from Fig. 12 (also under preliminary load F0, but after removing the 
major load Fg),  
hk = 0.06721 mm. 
The obtained hardness was 101.6 HRB. 
 

 
Fig. 9. The curve of maximum deformations in a metal sample caused by pressing  

a steel ball in three stages as a function of steps of solutions by the module of non-linear static, 
obtained in the iterations toward the solution 
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Fig. 10. Vertical deformations under preliminary load F0 = 98.1 N (10 kG); a steel ball indenter 

 

 
Fig. 11. Vertical deformations under major load F0 + Fg = 98.1 + 882.9 = 981 N (100 kG);  

a steel ball indenter 
 

 
Fig. 12. Vertical deformations after returning to initial load F0 = 98.1 N (10 kG).  

Major load removed Fg = 882.9 N (90 kG); a steel ball indenter 
 

SUMMARY 
To compare the HRC hardness from experiments and simulations for various yield points Re for 
C45 steel we used the diagram from publications (Haimann, 1974; Politechnika Gdańska), as 
presented in Fig. 13. 
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Fig. 13. Mechanical properties of C45 steel depending on the tempering temperature  
(hardening at 840°C, water, sample diameter 10 mm) (on the basis of Haimann, 1974) 

 
Table 1 presents experimental data derived from a graph in Figure 13 and simulated data 
obtained by the computing for three representative values of yield point: Re = 700, 1100, 1600 
MPa. For the yield point Re = 700 MPa the obtained hardness was below 20 HRC and for that 
yield point value additional simulation calculations were made as per the HRB method. To 
compare the obtained simulation value of HRB hardness we used HRB-HRC conversion tables 
(Steel Express). According to this source (96–97) HRB corresponds to (19–20) HRC. Simulation 
results of C45 steel sample hardness are contained in Table 1. 

 
Table 1. 
Hardness of C45 steel: experimental HRC from Fig. 13, simulated by HRC method and simulated by 
HRB method converted to HRC hardness. 

 Yield point 
Re [MPa] 

as per  
Fig. 13 

The strengthening/ 
fixing module 

[MPa] 

HRC hardness 
HRB 

hardness 
HRC  

hardness 
Experi-
mental 

Simulated Simulated Converted 

Steel 
C45 

700 6000 19 (Fig. 13) 
19.51 

formula (2) 

101.6 
formula (3) 

97** 

25 (Politechnika 
Gdańska) 

20** 
1100 7000 33 (Fig. 13) 32.97 (*) 

 
1600 14500 47 (Fig. 13) 46.29 (*) 

* the values obtained from the computer simulation, but not included in the study; 
** reference values. 

 
For C45 steel, subject of this study, the relation between HRC hardness and yield point Re is 
expressed by this formula (Yang et al., 2008): 

HRC ≈ 0.03 Re (3) 
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