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Abstract. This study investigates the selection of geometric parameters for indenters to ensure sufficient sensitivity in 
assessing the physical and mechanical properties of cast iron under dynamic loads. The research focuses on optimizing 
indenter dimensions (diameter, shape) and impact energy to achieve measurable plastic imprints while accounting for 
material heterogeneity, particularly graphite inclusions. Analytical and experimental approaches were used to evaluate the 
relationship between indenter geometry, deformation rates, and imprint characteristics. Results indicate that a spherical 
indenter with a diameter of 1.2 mm, mass of 5 g, and impact velocity of 3 m/s optimally balances imprint size (450–500 
µm) and depth (50–120 µm) across cast iron hardness ranges (100–500 HBW). The findings highlight the importance of 
maintaining complete plasticity during indentation to minimize surface preparation effects and ensure reliable non-
destructive testing. This work contributes to improved methodologies for dynamic hardness testing in industrial 
applications, particularly for high-strength cast irons. 
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Introduction 

Cast iron casting is widely used in both domestic and foreign industrial enterprises. Cast iron is one of the main 
structural materials and is widely used in the automotive industry (for the production of cylinder blocks and crankshafts), 
rail transport (brake pads) [17], machine tool industry (machine bases) and the oil industry (pipes). Due to the presence of 
graphite inclusions, cast iron effectively dampens vibrations and can be used at low temperatures. However, when 
producing various products, there are difficulties with control, since it is often necessary not only to determine the structure 
of the cast iron (in particular, to distinguish between gray and high-strength), but also to accurately determine its physical 
and mechanical properties: strength, hardness and elastic modulus. If the problem of separating cast iron types can be 
solved using ultrasonic methods, then determining mechanical characteristics using non-destructive testing remains an 
urgent problem that needs to be solved. The structure of cast iron is very sensitive to various factors, such as the 
composition of the feedstock [18]. and the presence of components (including parasitic impurities, such as sulfur and sulfur 
compounds, even within the technical specifications) [11], alloying additives [24], as well as loading and mixing methods 
and heating conditions [13]. 

The situation in the field of cast iron materials science is unique: the industrial use of cast irons is ahead of the 
development of the theoretical foundations of their structure formation. Materials created experimentally often begin to be 
used before the theoretical justification for their production appears. This is especially true for new grades of cast iron, such 
as ADI, which have high strength (700-1450 MPa) and significant relative elongation at break. 

Cast iron is a structurally heterogeneous material due to the presence of a large number of graphite inclusions, which 
can take various forms: lamellar (gray cast iron), spherical (high-strength), flake (malleable), there is also a vermicular 
form of graphite [1]. In addition to various forms of graphite, cast iron can have various bases: ferritic, ferritic-pearlite, 
pearlitic. White cast iron has a cementite structure. According to GOST 3443 "Cast iron castings with various forms of 
graphite. Methods for determining the structure" graphite inclusions can have sizes from 15 μm to 1000 μm [1]. It should 
be noted that large graphite inclusions sharply reduce mechanical properties and for products made of such cast iron, 
control of their characteristics, as a rule, is not carried out. The distribution of graphite in the cast iron structure can be both 
uniform and uneven, and also have a colonial, mesh and even branched distribution. The number of graphite inclusions is 
estimated by the average percentage of the area occupied on the microsection. For example, for lamellar graphite, the 
distribution density varies from 2 to 12%. Figure 1 shows the microstructure of real cast iron samples and an assessment of 
the distribution of characteristic sizes of various carbon inclusions. 

Taking into account the above, for assessing the physical and mechanical characteristics of cast iron using the 
indentation method, the minimum sufficient linear size of the deformation region is about 500 µm with a hardness of about 
100 HBW and 400-450 µm with a hardness of 500 HBW and more. 

Cast iron is a critical structural material due to its vibration-damping properties and versatility. However, its 
heterogeneous structure, characterized by graphite inclusions (e.g., lamellar, spherical, vermicular), complicates non-
destructive evaluation of mechanical properties like hardness, strength, and elastic modulus. While ultrasonic methods can 
distinguish between cast iron types (e.g., gray vs. high-strength), existing techniques fail to provide accurate, localized 
assessments of mechanical properties under dynamic loads, particularly for modern high-strength grades (e.g., ADI with 
700–1450 MPa tensile strength). Current indentation methods lack systematic optimization of indenter geometry and 
loading parameters to ensure sensitivity across cast iron’s hardness range (100–500 HBW). This limits their reliability in 
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industrial settings, where dynamic loads and material heterogeneity demand precise control of deformation regimes 
(elastic-plastic vs. fully plastic). 

 

  
а b 

  
c d 

Fig.1. - Form of graphite (dark inclusions) in cast irons: a – flake-like, b – plate-like, c – spherical, d – vermicular 
 

1. Methods 

The brief analysis of the methods for determining the geometric and energy parameters of indentation shows that 
there is a need to solve the problem of selecting the optimal geometric and energy parameters of loading to create the 
required deformation of the material in order to reliably characterize its properties in a local volume and at the same time 
give its integral assessment. 

To calculate the equivalent deformation during indentation, similar to that which will be formed during tension or 
compression of cast iron under uniaxial loading, and to obtain relationships linking the geometric parameters of the 
indenter and the created deformation value. The authors considered the process of elastic-plastic indentation. First, we will 
analyze the process of indentation of a sharp indenter in the form of a cone or a tetrahedral pyramid (Figure 2) 

 
а                            b 

N-reaction force, P-load force, h-penetration depth, Xi -direction of axes 
 

Fig. 2. - Indentation of sharp indenters: cone (a) and pyramid (b) 
 

When the elastic limit is first exceeded, the plastic zone is small and is completely covered by the material, which is 
in a purely elastic state, so that the plastic deformations have the same order of magnitude as the elastic ones. In this case, 
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the displacement of the material by the indenter is compensated by elastic displacements of the environment. As the 
indentation depth increases, an increase in the pressure under the indenter is required to ensure the necessary expansion of 
the material. Eventually, the plastic zone reaches the free surface and the displaced material can freely flow plastically 
along the edges of the indenter. This becomes possible when the average pressure under the indenter Pm reaches a value 
determined by the theory of rigid-plastic media [2]: 

 𝑃𝑚 = 𝐶𝑘 ∙ 𝑌 (1
) 

where Y is the flow stress, and the value of Cк depends on the geometry of the indenter and is approximately equal to 3.0 
in the state of complete plasticity. 

According to [2], the flow state is achieved at pressure (1), where the constant 𝐶𝑘~1.1. There is an interval of 
intermediate values of the average contact pressure (from Y to 3Y), for which plastic flow is restrained by the surrounding 
elastic material, and deformation is carried out due to the radial expansion of the medium. From a practical point of view, 
three loading stages are of interest: elastic, elastic-plastic, and completely plastic. In [3], it was shown that the contact 
surface during indentation is covered by a hemispherical "core" of radius a (Figure 3). 

 

 
 

Fig.3. - Model with a spherical core for the analysis of the penetration of a cone into an elastic-plastic medium 
 

A hydrostatic stress state of intensity �̅� is formed inside the core. The elastic-plastic boundary is defined by the 
radius c, where c>a. The hydrostatic pressure in the core is equal to the radial component of the stress beyond the core 
boundary. It can also be argued that the radial displacement of particles lying on the boundary r=a, with an increase in the 
penetration depth dh, should be compensated by the material displaced by the indenter. If we follow the work [4], then the 
stresses in the plastic zone a ≤ r ≤ c are equal to: 

 

     
𝜎𝑟𝑌 = −2 ln (𝑐𝑟) − 23 , 

 
(2a) 𝜎𝜃𝑌 = −2 ln (𝑐𝑟) + 13.    (2b) 

 
In the elastic zone r ≥ c: 𝜎𝑟𝑌 = − 23 (𝑐𝑟)3 ,             𝜎𝜃𝑌 = 13 (𝑐𝑟)3.   (3

) 
 
The pressure in the core and the radial stress at the boundary of the core are equal: 
 �̅�𝑌 = − 𝜎𝑟𝑌 │

 
r=a = 23 + 2 ln 𝑐𝑎 

(4
) 

 
Radial deformations are equal [4]: 
 𝑑𝑢(𝑟)𝑑𝑡 = 𝑌𝐸 [3(1 − 𝜈) (𝑐𝑟)2 − 2(1 − 2𝜈) 𝑟𝑐] .    

(5
) 

 
From the condition of incompressibility of the core it follows that the expression found from this equation for c/a in (4) 

can be used to obtain the pressure in the core: 
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�̅�𝑌 = 23 [1 + ln (13 𝐸tgβ𝑌 )] 
(6

) 
 

where ß – angle between the cone generatrix and the base surface (ß =  
𝜋2 −  𝛼). At the same time r=a and 

dc/da = с/а =const. 
From expression (6) it is evident that the hydrostatic pressure under the indenter is a function of the dimensionless 

variable 𝐸tgβ/Y , which can be interpreted as the ratio of the deformation caused by the indenter (tgβ) to the elastic 

deformability of the material (Y/E). In the case of a spherical indenter, it can be assumed that tgβ≈ sin β=𝑎/R; the value of 
this ratio changes during penetration. 

The penetration pressure under conditions of purely elastic, elastic-plastic and completely plastic states can be 

represented as a graph of the dependence of the dimensionless quantity Pm/Y  on 𝐸∗tgβ/Y, where "ß" is the angle of 
inclination of the indenter profile to the undeformed surface of the base at the edge of the contact area (Figure 4). This 
figure is based on data from [5-8]. 

 

 
Fig.4. - Embedding of spheres and cones into an elastic-plastic half-space 

 
The above results are valid for elastic-ideal-plastic bodies with a constant yield strength Y for uniaxial compression. 

Tabor [9] showed that the results for an ideal-plastic body can be applied with a good degree of approximation to bodies 

with hardening, for uniaxial compression upon reaching a deformation 𝘀𝑅 equal to 𝘀𝑅 = 0,2tgβ.   
For the Vickers pyramid, from here we have 𝘀𝑅 ≈ 0,07. The theoretical calculations carried out are experimentally 

confirmed by the results of experiments carried out by Tabor and for a spherical indenter (Figure 5). 

 
Fig.5. - Scheme of introduction of a spherical indenter 

 

Following Meyer's work, which showed that the average contact pressure 𝑃𝑚 = 𝐾 (𝑎𝑅)𝑚
, Tabor proposed the concept 

of equivalent strain and stress. Based on Meyer's assumption that the index m is related to the strain hardening coefficient, 
Tabor assumed that the average pressure Pm in the state of full plasticity and the equivalent stress Yr are proportional. The 
radius of the indentation a and the strain εr are also proportional: 

 𝑌𝑟 = 𝜓 𝑃𝜋𝑎2, 𝘀𝑟 = 𝜙 𝑎𝑅. 

(7
) 
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To test these expressions, Tabor [9] conducted experiments that confirmed their correctness and obtained the 

following values of the coefficients: 𝜓 = 2,8 − 3,2, 𝜙 = 0,2. 
Thus, the obtained expressions allow us to conclude that when deforming a material with a spherical indenter, the 

value of the equivalent deformation is equal to 0.2 a/R (or 0.2 d/D), and when indenting with a cone or pyramidal indenter, 
a constant deformation of about 7% will be created (when pressing in a Vickers pyramid). 

2. Results 

The results of calculating the pre-impact velocity of the indenter, as well as the dimensions of the imprint on 
materials with a hardness corresponding to the upper and lower limits of the range under consideration, are given in Tables 
1 and 2. 

The data in Tables 1 and 2 show that indenters with both 1 mm and 2 mm diameters are suitable for assessing the 
physical and mechanical properties of cast iron. For both indenter diameters, it is possible to select the impact energy that 
ensures the achievement of the required imprint diameter dmin. It should be noted that for an indenter with a diameter of 1 
mm, the required value of d = 450 μm at a hardness of 500 HBW is ensured at an impact energy of 22 mJ. At the same 
time, at a hardness of 100 HBW with the same energy, the d/D ratio is 0.649. This value slightly exceeds the limits of 
inequality (10), but such an excess is acceptable. Therefore, it can be assumed that for an indenter with a diameter of 1 mm, 
the maximum indentation diameter at a hardness of 500 HBW is 450 µm. Using an indenter with a diameter of 2 mm 
allows increasing the indentation diameter on hard materials from 450 µm to 500 µm. However, this reduces the 
indentation depth by 40% (from 53.5 µm to 31.8 µm at a material hardness of 500 HBW and from 119.6 µm to 71 µm at a 
material hardness of 100 HBW). Since a decrease in the indentation depth will lead to an increase in the influence of the 
quality of the tested surface on the measurement results and, accordingly, will increase the labor intensity of preparing the 
product for testing, using an indenter with a diameter of 2 mm is impractical. 

 
Table 1 - Calculation results for an indenter diameter of 1 mm 

Hardness 
of material HBW 

Diameter 
of the imprint 

d, µm 
d/D 

Depth of imprint 
hc, µm 

Impact energy, mJ 
Pre-impact 

velocityVmax, m/s 

500 

500 0,5 67,0 34,6 3,7 

450 0,45 53,5 22,0 3,0 

400 0,4 41,7 13,4 2,3 

100 

714 0,71 150,0 34,6 3,7 

649 0,65 119,6 22,0 3,0 

582 0,58 93,3 13,4 2,3 

 

Table 2 - Calculation results for an indenter diameter of 2 mm 

Hardness 
of material HBW 

Diameter 
of the imprint 

d, µm 
d/D 

Depth of imprint 
hc, µm 

Impact energy, mJ 
Pre-impact 
Velocity 
Vmax, m/s 

500 

500 0,25 31,8 15,5 2,5 

450 0,225 25,6 10,1 2,0 

400 0,2 20,2 6,3 1,6 

100 

740 0,37 71,0 15,5 2,5 

667 0,33 57,3 10,1 2,0 

594 0,3 45,2 6,3 1,6 

At the same time, the use of indenters with a diameter in the range from 1 to 2 mm is of considerable interest. Unlike 
static hardness testers, this possibility is provided by portable devices implementing the dynamic indentation method: 
without being tied to standard diameters, it is possible to manufacture an indenter with any dimensions. Calculation of the 
pre-impact velocity of the indenter, as well as the dimensions of the imprint for nine variants of the indenter diameter (1.1; 
1.2; … 1.9 mm) showed that the optimal option is to use an indenter with a diameter of 1.2 mm and a pre-impact velocity 
of 3 m/s. The results of the corresponding calculations are given in Table 3. 

 
Table 3 – Calculation results for indenter diameter D=1.2 mm 

Hardness 
of material HBW 

Diameter 
of the imprint 

d, µm 
d/D 

Depth of imprint hc, 
µm 

Impact energy, mJ 
Pre-impact 
Velocity 
Vmax, m/s 

500 480 0,4 50,1 
23,2 3,0 

100 698 0,58 112,0 

 
Comparing Tables 1.1 and 1.3, we can draw the following conclusions. Increasing the indenter diameter from 1 mm 

to 1.2 mm allows, at the same value of the pre-impact velocity, to increase the indentation diameter on hard materials from 
450 μm to 480 μm. In this case, the ratio d/D does not exceed the limits of inequality (10), and the indentation depth 
decreases by only 6% (from 53.5 μm to 50.1 μm for a material hardness of 500 HBW and from 119.6 μm to 112 μm for a 
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material hardness of 100 HBW). Thus, as a result of the analysis, it was established that the following indenter parameters 
are optimal for assessing the physical and mechanical properties of cast iron using the dynamic indentation method: weight 
- 5 g, diameter - 1.2 mm, pre-impact velocity - 3 m/s.  

3. Discussion 

In order to objectively characterize cast iron, one more condition must be met: the material must be in a state of 
complete plasticity. If this condition is met for a pyramid, then for a spherical indenter this means that the deformation must 
be in the range of 0.04<εr<0.12, then the radius of the indentation must be 0.2R<a<0.6R. In this case, the dependence of the 
average contact pressure on the applied force will take on a virtually constant value (Figure 6), which will allow us to 
further exclude the influence of the deformation value on the measured characteristics and take into account only the 
influence of the loading dynamics (deformation rate). 

 
Fig. 6 - Dependence of average contact pressure on indentation force 

 
The choice of the loading scheme for the studied cast irons with a hardness from 100 to 500 HBW consists of 

selecting the diameter of the spherical indenter D and the pre-impact speed of the indenter Vmax, upon reaching which the 
diameter of the imprint will correspond to the minimum sufficient size of the deformation region (let us designate this 
diameter of the imprint as dmin). In addition, as established earlier, when measuring the physical and mechanical 
characteristics, the diameter of the imprint should be within the limits in the entire range of hardnesses of the tested cast 
irons: 

 0,2𝐷 < 𝑑 < 0,6𝐷 (8
) 

 
The value of the pre-impact velocity of the indenter Vmax, necessary to achieve the minimum sufficient diameter of 

the indentation dmin, can be determined from the law of conservation of energy, equating the kinetic energy of the falling 
indenter Wk and the energy of deformation of the material by the indenter Wд. The kinetic energy of the indenter of mass 
m is calculated using the formula: 𝑊к = 12 𝑚𝑉max

2 .      (9) 

 
The energy of deformation of the material during indentation is determined by integrating the dependence of the 

contact force on the depth of the indentation, which can be taken as linear in the first approximation: 
 𝑊д = ∫ 𝑃𝑑ℎ = 12 𝑃maxℎ𝑐ℎ𝑐0 ,      (10) 

where hc is the depth of the indentation,Pmax is the maximum contact force. 
 

The formula for determining the pre-impact velocity of the indenter obtained from expressions (8) and (9) is as 
follows: 𝑉max = √𝑃maxℎ𝑐𝑚 .       (11) 
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Fig.7 – Dependence of contact force on indentation depth 

 
The depth of the indentation hc can be determined through its diameter d from the equation obtained based on the 

indentation diagram (Figure 5) and given in STB ISO 6506-1-2022 “Metallic materials. Brinell hardness measurement. Part 
1. Measurement method”: ℎ𝑐 = 𝐷2 (1 − √1 − 𝑑2𝐷2).      (12) 

 
STB ISO 6506-1 establishes the relationship between the hardness of the test material HBW, the applied (contact) 

force F and the indentation diameter d: 𝐻𝐵𝑊 = 0,102 2𝑃
π𝐷2(1−√1−𝑑2𝐷2).      (13) 

 
Having solved this equation for the contact force, we obtain the value of the maximum contact force P at which the 

indentation diameter d on materials with different hardness reaches the required value (dmin) 
 𝑃max = 𝐻𝐵𝑊∙π𝐷2(1−√1−𝑑2𝐷2)0,102∙2 .      (14) 

 

As is known, with an increase in the hardness of the test material, the size of the imprint on its surface decreases 
(under the same impact conditions). Therefore, first of all, it is necessary to determine, based on the obtained equations, the 
impact energy and pre-impact velocity required to create a minimum sufficient imprint diameter dmin on products with a 
hardness corresponding to the upper limit of the range under consideration (500 HBW). Then, based on the impact energy 
obtained for this hardness, it is necessary to calculate the actual imprint diameter d on a material with a hardness 
corresponding to the lower limit of the range under consideration (100 HBW), and check that this diameter corresponds to 
inequality (8). 

Conclusions 

The paper shows that sharp indenters in the form of a Vickers pyramid and a cone create a constant deformation, the 
value of which is determined by the angle at the apex and a constant coefficient, the determination of which is possible 
based on the results of comparative tensile-compression tests of the material. When indenting with a sphere, the 
deformation value is a variable value and depends on the ratio of the imprint diameter to the indenter diameter. It is shown 
that it is optimal to use an indenter with a diameter of ~1 mm and a mass of ~5 g when indenting cast iron, which allows 
achieving a deformation in the range of up to 0.04-0.12 and a deformation rate of 1000-3000 1/s. At the same time, 
sufficient sensitivity to changes in mechanical characteristics under dynamic loads is ensured based on the size of graphite inclusions 

of no more than 500 μm. 
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