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Abstract. Two methods of bending thin disks on an annular support are compared. The 

methods differ in the type of loading indenter and the equations that determine the strength of 

the material by the test results. The end surfaces of the indenter are flat cylindrical (indentor 1) 

or spherical (indentor 2). The methods were used to test identical disc samples from model 

materials: cast iron and graphite, as well as aluminum oxide samples obtained by spark-plasma 

sintering. The results of testing 24 disks of model materials and 10 disks of aluminum oxide on 

the ring support are presented. Bending diagrams of 12 disks of each model material on the 

annular support using two types of indentors indicate their different tensile strength. The 

calculated values of strength and their spread were higher when using indenter 2 than when 

using indenter 1. Thus, comparative tests have shown that the calculated strength of the tested 

materials depends on the nature of the failure of the samples and the type of bending diagram. 

The most reasonable were the test results obtained with the use of a flat-tipped indenter, which 

coincide with the characteristics of the strength of materials and the minimum spread of values. 
 

1. Introduction. 

In recent years, technologies for the consolidation of powder materials using electromagnetic fields 

have been actively developed [1-4]. Their advantages are high heating rate, relatively low integral 

temperatures, the short duration of the consolidation processes, obtaining difficult sintered powder 

compositions. A wide range of products manufactured by electric pulse powder consolidation has the 

form of small-sized disk samples with a thickness of 1 mm and a diameter of 10-15 mm [4]. Standard 

methods of mechanical testing for samples of such sizes are often not applicable, and to evaluate the 

strength properties of materials, you have to resort to alternative test methods. Methods have also been 

developed for determining the brittle strength of materials when testing small samples. For the first 

time, the method of bending thin disks on an annular support was proposed by Y. B. Friedman 

[5].This method relied on the theory of plates and shells Timoshenko S. P. [6]. This method has been 

proposed to determine the minimum tensile strength of a material when tested in liquid nitrogen. Later 

this method was evolved, and it was used to determine the tensile strength of hardened steel disks with 

a thickness of 3-6 mm and a diameter of 60 mm [7]. In recent years, varieties of the method of bending 

thin disks on an annular support have appeared [8–11]. All methods are based on the Tymoshenko 
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theory and differ in support devices, indenters and, accordingly, different calculation formulas for 

determining the brittle strength of the material according to the results of testing the samples. Some of 

them are standardized. And, of course, the question arises about the ratio of the test results of the same 

samples using different methods. The purpose of this study is to compare the test results of the same 

disk samples from model materials: cast iron and graphite, as well as samples α-alumina obtained by 

the method of electropulse exposure, using two types of indenters: with a flat end surface and 

spherical. 

 

2. Materials and research methods 

 

2.1. Model materials 

The model materials used are brittle materials gray cast iron SCH10 according to GOST 1412 and 

graphite MPG-6, the reference mechanical characteristics of which are given in Table 1. 

 

Table 1. Strength of model materials for different types of loading 

       Material σB
r,  

MPa 

σB
b,  

MPa 

τshear,  

MPa 

σB
c, 

MPa 

Cast iron SCH 10     100    280 110 530 

Graphite MPG-6 25 34.3  73.6 

 

Notations in Table1 are:σB
r – tensile strength, σB

b – bending strength, τshear – shear strength and σB
c 

– compressing stength. The mechanical properties of cast iron are given according to [12], graphite 

MPG-6 - according to [13]. The strength of cast iron was specified in a tensile test of 12 five-fold 

samples with a diameter of 10 mm according to GOST 1497 and 12 samples with a diameter of 8 and 

a height of 12 mm for compression according to GOST 25.503. The strength of MPG-6 graphite was 

specified when testing 4 samples for compression in accordance with GOST 25.503 and static three-

point bending of flat samples with a thickness of 4 and a height of 8 mm, with a distance between 

supports of 40 mm. The test results were close to tabular values, except for the results of bending tests 

of graphite samples, the strength of which turned out to be close to the tensile strength of the material.  

 

2.2. Aluminum oxide 

Alumina discs were made by spark plasma sintering. The starting material was Al2O3 powder with an 

average particle size of the order of 1 μm of a spherical shape obtained in an electric arc discharge 

plasma [14]. The spark-plasma sintering process was carried out in vacuum on a LABOX-625 

apparatus in a graphite mold with an internal diameter of 15 mm with a constant pressure of 50 MPa 

on the sintered sample. The heating rate of the samples was 100° C/min, the maximum sintering 

temperature was 1350° C, and the exposure at the maximum sintering temperature was 10 min. The 

cooling rate of the samples from the maximum sintering temperature to 600° C was 50° C / min; 

further cooling took place naturally when the current source was switched off. Sintered samples were 

disks 2-3 mm thick.  

 

2.3. Methods of bending disk samples on an annular support 

In Fig. 1 shows a diagram of the bending of a disk sample on an annular support using an indenter 

with a flat tip [7]. 
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Figure 1. Scheme of testing a disk on an annular support for bending with loading by an indenter with 

a flat tip: 1 - indenter, 2 - holder-guide, 3 - sample, 4 - support ring 

 

The strength of the material according to the test results of the disk is estimated by the formula: 

σ =
3Pmax

8πh2
[4 − (1 − μ) (

d

D
)

2

+ 4(1 + μ) ln
D

d
] , (1)  

where: Pmax is the maximum fracture load, h is the disk thickness, µ is the Poisson's ratio, d is the 

diameter of the indenter’s flat tip, D is the inner diameter of the support ring. In [8], the rationale for 

using the circuit presented in [7] for testing small disks with a diameter of 10 and a thickness of 1 mm 

or more is given. 

In Fig. 2 shows a diagram of the bending of a disk sample on an annular support using an indenter 

with a spherical tip [10]. 

 

 
 

Figure 2. Scheme of testing a disk on an annular support with loading by an indenter with a spherical 

tip: 1 - indenter, 2 - sample, 3 - support ring 

 

The strength of the material according to the test results of the disk is estimated by the formula: 

σ =
P

h2
[(1 + μ) (0.485 ln

D

2h
+ 0.52) + 0.48].      (2)  

Here: P is the maximum load during the destruction of the sample, h is the thickness of the disk, D 

is the inner diameter of the support ring. Note that both formulas (1) and (2) are based on the solution 

of Timoshenko S.P. [6]. 

 



DFMN 2019

Journal of Physics: Conference Series 1431 (2020) 012014

IOP Publishing

doi:10.1088/1742-6596/1431/1/012014

4

3. The results of the test disk samples for bending on an annular support 

 

3.1. The results of the bending of disk samples of model materials on an annular support using two 

types of indenters 

Thin disks made of model materials (cast iron and graphite) were tested for bending on an annular 

support according to the schemes shown in Figure 1 and Figure 2. The diameter of all disks is 15 mm, 

the diameter of the support ring is 12 mm. The tests were carried out on an Instron test machine with a 

maximum load of 10 kN. Table 2 shows the average test results for 6 disc samples of cast iron and 6 of 

graphite. 

Table 2. Test results of disc samples of cast iron and graphite. 

Material Disc 

thickness, 

mm 

The average strength 

according to the 

formula (1), MPa 

The spread of 

strength values, 

MPa 

The average strength 

according to the 

formula (2), MPa 

The spread of 

strength values, 

MPa 

Cast iron  1.4 481 409-592 624 487-898 

Graphite 1.9 29 25-35 51 41-61 

 

Figure 3 and Figure 4 show the load-displacement curves of bending of cast-iron discs on the 

annular support, and in Figure 5 and Figure 6 bending diagrams of graphite samples. 

 

 

 

Figure 3. Bending load-displacement diagrams 

of cast iron discs on the annular support, a flat 

indenter tip is used 

Figure 4. Bending load-displacement diagrams on 

the annular support of cast-iron discs, a spherical 

indenter tip is used 

 

 

Figure 5. Bending load-displacement diagrams 

of graphite disks on the annular support, a 

flatindenter tip is used 

Figure 6. Bending load-displacement diagrams 

on the annular support of graphite disks, 

indenter spherical tip used 
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Note the different nature of the load-deflection diagrams for testing cast iron and graphite disks. 

Cast iron is characterized by a smooth transition through the maximum load, without jumps in cracks, 

which is usually inherent in plastic materials. When testing graphite samples, we observe an almost 

linear diagram of the load-deflection to the maximum load, and after that, the spasmodic propagation 

of cracks to complete destruction of the samples, characteristic of the behavior of brittle materials. The 

above diagrams indicate that graphite is a more fragile material than cast iron. 

Analysis of the test results of thin discs made of cast iron and graphite on an annular support using 

two types of indenter, shown in table 2 and in Figures 3-6, allows us to draw the following 

conclusions:  

a) The average strength results determined when testing samples using two types of indenters 

and, accordingly, two formulas for calculating the tensile strength of the tested materials, turned out to 

be different. For cast iron, using formula (2), they turned out to be 30% more, and for graphite - 75% 

more than according to formula (1) (see Table 2). 

b) The strength of cast iron, determined by the results of a bend test of disk samples using a flat 

indenter, approaches the compressive strength of cast iron (481 and 530 MPa). That is, neither formula 

(1) nor formula (2) can be used to determine the tensile strength of materials that manifest themselves 

during testing as plastic materials. 

c) The strength of graphite, determined by the results of a bend test of disk samples using a flat 

indenter, is close to the tensile strength of graphite (29 and 25 MPa. It exceeds the tensile strength 

(Table 1) by 15%. When using formula (2) and, accordingly, an indenter with a spherical tip, the 

calculated value of the tensile strength of graphite was almost 2.5 times greater than the true value 

(Table 1). 

d) The scatter of the test results of disk samples obtained using two types of indenters was 

different. When using an indenter with a spherical tip, the spread in the calculated strength values was 

much larger than when using an indenter with a flat tip (see Table 2). 

 

3.2. Test results on an annular support of samples of aluminum oxide Al2O3 obtained by SPS 

Table 3 presents the results of bending on an annular support of Al2O3 aluminum oxide disks using 

two indenters. 

Table 3. Test results of aluminum oxide disks 

Indenter tip Sample No. Thickness, mm Maximum load, N Tensile stress at 

break, MPa 

flat 1 2.7 1240 202 

 2 3.2 1920 223 

 3 2.4 1290 266 

 4 3.0 2140 283 

 5 3.0 2025 268 

Average 

value 

   248 

 

spherical 6 2.3 883 213 

 7 3.2 2130 322 

 8 2.2 713 264 

 9 2.6 1270 317 

 10 2.7 1750 398 

Average 

value 

   303 

 

The destruction of aluminum oxide disks was absolutely brittle with dynamic separation into small 

fragments at maximum load and linear bending diagrams up to failure. This destruction of the samples 
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is characteristic of both test methods. This point suggests that alumina is a more brittle material 

compared to graphite. In this regard, it can be expected that when aluminum oxide disks are bent by an 

indenter with a flat tip, we obtain the true tensile strength of the material, given the tendency for the 

calculated value of the material strength according to formula (1) to approach the true value of tensile 

strength with increasing brittleness (from cast iron to graphite and alumina). In this case, preference 

should be given to the method of testing disk samples on an annular support using an indenter with a 

flat tip compared to the use of an indenter with a spherical tip. The results of testing alumina disks 

using an indenter with a spherical tip turned out to be 22% larger and had a significantly larger scatter 

of values (see Table 3).  

 

4. Conclusion 

Comparative bending tests of thin small-sized disks made of model materials of cast iron and graphite 

and sintered from alumina powder by SPS on an annular support showed that the calculated strength 

of the tested materials depends on the nature of fracture of the samples, the type of bending diagram 

and it can represent the tensile strength (aluminum oxide), to approach him (graphite) and does not 

coincide with it (cast iron strength). The reliability of the results is higher for more fragile materials. 

Test results significantly depend on type of used indenter (with flat or spherical tips).  The most 

reasonable results were the test results obtained using an indenter with a flat tip (coincidence with the 

characteristics of the strength of materials and the minimum spread of strength values). Both methods 

require the use of corresponding equations. 
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