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Abstract 

With the development of new synthesis methods and chemistries, a number of new superhard 

materials have been reported to be harder than diamond. While such materials are highly 

desirable due to their wide-ranging applications, there are some inherent uncertainties in the 

methods utilized to determine and define the hardness of such materials. In this paper, we 

employed the Vickers Hardness Tester to measure the hardness of nine ceramic and superhard 

materials within a well-defined criteria and methodology, for the reliable assessment of the 

hardness of these new superhard materials. These findings and the developed testing method 

have broad implications in the characterizing of new and emerging superhard materials, leading 

to new discoveries. 

 

Introduction 

Hardness is one of the most important mechanical properties of materials, especially for hard and 

superhard materials, and is often utilized to determine their applications1-5. The Vickers or 

Knoop hardness testers are the most traditional and common methods of measuring the hardness 
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of materials, where square-based pyramid indenter tips made of natural single crystal diamond 

(N-D) makes an indent on the material. Recently, Vickers hardness values between 120 and 200 

GPa have been obtained for newly developed materials utilizing standard N-D indenters6,7,8. In 

fact, due to the anisotropy in the properties of N-D, the reported hardness values ranged from 60 

to 120 GPa depending on the crystal orientation9-14. When preparing the N-D indenter tip, the 

direction perpendicular to the (111) crystal plane is always carefully selected as the axis of the 

indenter to exploit its highest hardness. For low-hardness materials, the hardness measurement 

results can be easily calculated and interpreted by classical equations and methods15-18. However, 

uncertainties arise when the hardness of the tested material is close to or greater than that of the 

N-D indenter, leading to challenges in reliably evaluating the hardness of materials. The work in 

reference19 indicated that the testing parameters should be taken into account when measuring 

hardness values of materials harder than diamond. However, there are still valid concerns about 

the inconsistency of hardness values from one test to another, due to the possible permanent 

plastic deformation or damage of the N-D indenter after conducting a test. Moreover, debates 

have lingered for well over decades on ‘if superhard materials are really harder than diamond’ 
and how the hardness of such new superhard materials are incorrect and misleading due to a lack 

of clarity on testing procedures20. Therefore, in this day and age of rapid advances in material 

science, it is worthwhile to investigate the true nature of superhard materials and develop a 

proper, usable framework to determine hardness of such materials. In this work, we study the 

applicability of the Vickers hardness indentation method to superhard materials in terms of 

reliability and consistency. To identify the effect the hardness differences between indenters and 

tested materials has on the measured hardness values, we developed a systematic and repeatable 

criterion to reliably assess the hardness of new or emerging materials, for the first time compared 

to known literature. The criterion provides insights into the hardness assessment of the new 

materials harder than diamond, and can play a critical role to advance new material development 

and engineering applications. 
 

Results 

Framework for defining true hardness. The hardness of a material is a measure of its ability to 

resist deformation upon a load under isostatic pressure. The Vickers indenter is a regular 

pyramid typically made of natural single crystal diamond with an angle of 136° between the 

opposite faces. During the measurement, the diamond pyramid is pressed into the material to be 

tested under a pre-determined load and dwell time. After unloading, a quadrangle indentation on 

the tested material, resulting from localized plastic deformation caused by the indenter, is 

observed under a microscope. Fig. 1 schematically shows the cross-section of the pyramidal 

indenter in axial direction, the relative interaction between the indenter and a tested material, and 

the produced square indentation in a tested material. Details about the preparation of indenter 

tips and tested samples from three families of representative materials, ceramic materials, 

superhard materials, and single crystal diamonds (natural and synthetic), are in (21). As shown in 

Figs. 1 (b) and (c), we can get the Vickers hardness (HV) value after measuring the lengths of 

two diagonal lines d1 and d2 using equation: 
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where P is the loading force in grams, and d is the arithmetic mean of the two diagonals of the 

indentation d1 and d2 in micrometers (22). In fact, hardness measurements are closely related to 

the material of Vickers indenter, applying load, dwell time, polishing quality of the sample 

surface, crystal orientation of the sample, etc. Six materials including Al2O3, SiC, PcBN, PCD, 

N-D, and SC-D with various hardness are selected and prepared for the Vickers indenter tips.  

In order to study the influence of the hardness of the Vickers indenter tip material on the 

measurement reliability of the tested material, a new evaluation method is proposed in this paper. 

Here are the definitions of the measurements: HI, the hardness value of the prepared indenter 

tested by standard N-D Vickers diamond indenter; HS, the hardness value of tested sample by the 

standard N-D Vickers diamond indenter; HO, the measured hardness value of tested sample by 

the prepared indenter. Two normalized equations for these corresponding measurements of HI, 

HS and HO are shown below: 
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where ΔH is the percentage of the hardness difference between the prepared indenter and tested 

sample relative to hardness of the tested sample; ΔHO is the percentage of hardness difference 

between the measured value and value of the tested sample relative to the hardness of tested 

sample. In order to achieve the reliable hardness result, its corresponding ΔHO should be as low 

as possible, sometimes <5%. 

 

Vicker’s Hardness Tests. A series of experiments were performed based on the Hv values of the 

samples (21). In the first sample group the test samples and the indenters are made of the same 

material, for example PcBN (indenter) vs PcBN (tested sample). For comparative observation 

and analysis of the indentations produced by different types of indenter materials, the 

indentations produced by the N-D indenter tip are marked with yellow arrows while those 

generated by the prepared indenter materials tips are marked with white arrows, as shown in 

Figs. 2. Moreover, representative SEM images of the indentations produced are shown in insert 

above (by standard N-D indenter) and insert below (by the prepared indenter) in Fig. 2. As an 

example of the first group, PcBN sample is tested by the standard N-D indenter and an PcBN 

indenter, with loads of 0.3 and 3 Kg. The sizes of indentations produced by PcBN indenter are 

obviously smaller than the corresponding indentations produced by standard N-D indenter using 

the same loads, as shown in Fig. 2 (a). The SEM images of indentations with a load of 3 kg is 

shown in the insert of Fig. 2 (a). The HO value of PcBN is 48.05 GPa, which is significantly 

greater than the HI value of 30.11 GPa measured by the standard N-D indenter, resulting in an 

ΔHO of 59.56%. This indicates that the hardness measurement of the tested PcBN sample with 
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the indenter made of the same material is unreliable. Similar results were observed for other 

experiments performed with the first group of materials (21). 

In the second sample group, the test samples are harder than the indenters, for example SiC 

(indenter) vs PcBN (test sample). As an example of the second group, a PcBN sample was tested 

by a SiC indenter as shown in Fig. 2(b). The indentations produced by the SiC indenter were 

shown to be irregular quadrangles compared to those produced by standard a N-D indenter. The 

high-resolution SEM images showed clear indentations for a load of 3 kg - insert of Fig. 2(b). 

The HO value of PcBN is 47.5 GPa, which is significantly greater than the HI value of 30.11 

GPa, giving rise to a ΔH of -15.4% and a ΔHO of 57.73%. The high ΔHO suggests that the 

hardness measurement value of PcBN (test sample) by the SiC (indenter) is unreliable.                                                             

In the third and final group, the test samples are softer than the indenters, for example PcBN 

(indenter) vs SiC (test sample). An example of experiments performed with a couple of group 3 

materials is shown in Fig. 2 (c), where the hardness of SiC test sample was measured by a PcBN 

indenter. The HO value of 25.68 GPa, which is almost equal to HI value of 25.48 GPa, leads to a 

ΔH of 18.2% and ΔHO of 0.78%. This clearly indicates that the hardness measurement of SiC by 
both PcBN (prepared indenter) and N-D indenters are reliable.  

 

Reliability of hardness values. Figure 3 summarizes the experimental performed with all three 

groups and shows how the hardness differences between the test samples and indenters (ΔH) 
influence the reliability (ΔHO) of hardness values. When ΔH is less than or equal to zero, where 
the hardness of the indenter is equal to or less than the hardness of the test sample, the measured 

hardness value of the test sample is higher than the nominal value measured by the standard N-D 

indenter. The ΔHO is always higher than 10% in the tests performed in this study, which 

indicates that the hardness values are unreliable (21). The reliability is estimated to be 

significantly higher if ΔH is positive, meaning the hardness of the indenter is higher than the test 
sample. For the case of ΔH=18.2%, when a SiC sample is tested by a PcBN indenter, the 

deviation of hardness from the nominal value tested by the standard N-D indenter was found to 

be only 0.78%. In this study, when the ΔH is equal to or higher than 18.2%, ΔHO is always less 

than 4.35%, which indicates the measurement is reliable. The detailed statistical analysis and 

reliability results based on measured values ΔH and ΔHo are shown in the Fig. 3 and (21). 
During the loading process of indentation hardness measurements, the indenter exerts a force on 

the surface of the test sample to generate high stress in the locally affected field with both elastic 

and plastic deformation. The indenter, on the other hand, ideally should not experience plastic 

deformation and is therefore required to be harder than the tested material. (23). However, when 

the test materials are harder than the tip of the indenter (19), the indenter will induce significant 

elastic and plastic deformation, or even brittle cracking, of the tip during the testing process 

leading to the measured value being unreliable. 

 

Discussion 

We prepared a series of indenters and test samples with known hardness, pre-characterized by 

the standard indenter made of natural single crystal diamond, and carried out Vickers hardness 

cross-tests to investigate the influence the hardness differences between the indenters and the 

tested samples has on the reliability of hardness measurements of a variety of superhard 

materials. We found that when the hardness of the Vickers indenter is close to or below the 
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hardness of the sample to be tested, the hardness value measured by the Vickers indentation 

method is significantly higher than the nominal value. The hardness value of the tested sample, 

therefore, is severely overestimated. On the other hand, when the hardness of the indenter is 

18.2% higher than that of the tested sample or more, we can say, with high confidence, that the 

results are sufficiently reliable to characterize and define superhard materials. Therefore, this 

study sets a standard on the method to test superhard materials that are developed to be harder 

than diamond, since hardness values measured by the Vickers hardness tests will only be reliable 

and accurate only when the indenters are 18.2% harder than newly-developed superhard 

materials. Most recently, we produced ultra-strong catalyst-free polycrystalline diamond that 

broke all single crystal diamond indenters during testing (24), a clear indication that it may be 

one of the world’s hardest materials. Therefore, this developed material could be a promising 

Vickers indenter material to replace the currently used single crystal diamond, for the testing and 

characterization of newly-developed superhard materials. 

 

Methods 

Preparation of Vicker’s indenters and tested samples. In order to accurately assess the 

applicability of Vickers hardness method, three families of representative materials, including 

ceramic materials, super-hard materials, and single crystal diamonds (natural and synthetic), 

were carefully selected for the preparation of Vickers hardness indenter tips and test samples 

(Fig. S1). The opposite intersection angle of square pyramid of indenter tip was 136°±15' and the 

chisel edge was less than 1 μm wide, which are the acknowledged and standard geometries of a 
Vickers indenter. All the prepared indenters and test samples were polished to a mirror finish as 

shown in Fig. S1. The ceramics family in this study include alumina (Al2O3) and silicon carbide 

(SiC). The superhard materials family include polycrystalline cubic boron nitride (PcBN), 

polycrystalline diamond (PCD) and much harder diamond-cBN composites (BCNs). The 

diamonds family include natural single crystal diamond (N-D) and synthetic single crystal 

diamond (SC-D). Due to challenges in the preparation process and hardness measurement, N-D 

was selected only for the standard Vickers indenter tip with a direction of [111] crystal 

orientation as the axis of the indenter. Fig. S2 shows the experimental results for tests performed 

with an N-D indenter to obtain the Vickers hardness values for several test samples (Table S1). 

SC-D, on the other hand, was processed for utilization as a hardness indenter tip and test sample 

with [111] crystal orientation for both the axis of the indenter and the testing direction of the test 

sample (see Table S2 for more details). Two cemented tungsten carbide (WC-Co) hard metals, 

YG 6 (WC-Co with 6 wt% of cobalt) and YG 8 (WC-Co with 8 wt% cobalt), were utilized as test 

samples due to their extensive applications in various industries. 

 

Characterization methods. The Vickers hardness of the polished samples was tested by the 

Vickers single crystal diamond tester (FV-700B, Future -Tech Corp. Japan), with different loads 

and same dwelling time of 15 s. The morphologies, sizes and lengths of the indentations 

produced by standard N-D pyramidal indenter and prepared indenters were observed, measured 
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and analyzed by the Vickers hardness tester (FV-700B, Future -Tech, Japan) and the scanning 

electron microscopy (SEM) (FEI INSPECT F50, USA). 

 

Data availability 

The data that support the findings of this study are available from the corresponding author upon 

reasonable request. 
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Fig. 1. Schematic pictures and process of the Vickers indenter exerting on the well-polished 

surface of a test sample. a Angle between the two opposite faces of a diamond pyramidal indenter 

is 136o. b Profile of a well-polished surface of test sample before and after exertion by an  indenter. 

c Typical Vickers indentation produced by the diamond pyramidal indenter, the dotted lines 

represent ideal indentation, but the solid lines represent the actual indentation. 
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Fig. 2. Optical and SEM images of Vickers indentations of the test samples. Indentations of 

test samples produced by N-D indenter are marked with yellow arrows, and those produced 

by prepared indenters are marked with white arrows in optical images with various loads. 

The insert (above) in SEM image shows the indentation produced by N-D indenter and the 
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insert (below) in SEM image shows the indentation produced by prepared indenter. a Both 

test sample and indenter are PcBN with load 3 kg. b Test sample is SiC and indenter is PcBN with 

load 3 kg. c Test sample is PcBN and indenter is SiC with load 3 kg. 

 



 

 

 

Saudi Aramco: Public 

  

 

Fig. 3. Defining reliability. Relationship between relative percentage (ΔH) (hardness difference 

of the indenter vs test materials) and relative percentage (ΔHO) (measured value vs nominal value 

of test materials). Insert: closer-looked details of the relationship between ΔH and ΔHO. Shaded 

and enlarged area is the reliable region. 
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