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Supplementary Text 

 

The first experiments were performed with the prepared indenter and test sample made of the 

same material; Al2O3 (indenter) vs Al2O3 (test sample), SiC (indenter) vs SiC (test sample), 

PcBN (indenter) vs PcBN (test sample), PCD (indenter) vs PCD (test sample). The second round 

of experiments were performed to investigate harder test samples with softer prepared indenters; 

SiC (indenter) vs PcBN (test sample), PcBN (indenter) vs PCD (sample), and PCD (indenter) vs 

BCN (sample). The third series of experiments were performed to test the softer test samples 

with the harder indenters; Al2O3 (indenter) vs YG 8 (test sample), PCBN (indenter) vs SiC (test 

sample), SiC (indenter) vs Al2O3(test sample), PCD (indenter) vs YG 8 (test sample), PCD 

(indenter) vs YG 8 (test sample), PCD (indenter) vs Al2O3 (test sample), PCD (indenter) vs SiC 

(test sample), SC-D (indenter) vs BCN (test sample). More details of the HV values of the above-

mentioned combinations of the prepared indenters and test samples are shown in Table S2. 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. S3 and S4. In addition, in Figs. S3 and S4, 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 the first group, a Al2O3 ceramic sample is tested by the standard N-D indenter and Al2O3 

indenter, with loads of 0.3 and 0.5 Kg. The optical image (the white arrows in Fig. S3 (a)) shows 

that it is difficult to measure the indentations under the optical microscope when using Al2O3 

indenter. They are then observed and measured under SEM as shown in the insertion in Fig. S3 

(a). The HO value of Al2O3 of 28.2 GPa measured by the prepared Al2O3 indenter is significantly 

greater than the HI value of 19.45 GPa (Table S2) measured by the standard N-D indenter, 

resulting in a ΔHO of 44.99%. It indicates that the hardness measurement of the Al2O3 test 

sample with the indenter made of the same material is unreliable (see Table S3). For the more 

brittle SiC ceramic, optical images of indentations on SiC tested samples generated by SiC 

indenter show that it could not get clear indentations with loads of 0.3 kg and 0.5 kg, but only 

with greater loads of 1 kg and 3 kg. The indentations produced by N-D indenter are greater than 

the indentations produced by SiC indenter, as shown in Fig. S4 (a). Similar results were observed 

for a PCD sample tested with a PCD indenter as shown in Fig. S4 (c). The HO value of SiC is 

32.89 GPa, which is significantly greater than HI value of 25.48 GPa (shown in Table S2), and 

the ΔHO of SiC is 29.11%, indicating the measured hardness value of the SiC test sample by the 

SiC indenter is also unreliable (Table S3).  

For superhard materials in the first group of the tests, a PcBN sample was tested by an N-D 

indenter and a PcBN indenter by applying loads from 0.3 kg to 3 kg. The sizes of indentations 

produced by PcBN indenter are obviously smaller than the corresponding indentations produced 
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by a standard N-D indenter using the same loads, as shown in Fig. S3 (b). The SEM images of 

indentations with a load of 3 kg is shown in insert of Fig. S3 (b). The HO value of PcBN is 48.05 

GPa, which is far greater than the HI value of 30.11 GPa (shown in Table S2). The ΔHO of PcBN 

is 59.56%, suggesting the measured value of the PcBN test sample by the PcBN indenter is 

unreliable as well (Table S3). This is further confirmed by the superhard PCD material. The HO 

is 82.1 GPa, which is greater than the HI value of 62.5 (Table S2), and the ΔHO is 31.36%, 

suggesting that the measurement is also unreliable (Table S3). All these results show that the 

hardness measurements are not reliable when the samples have a similar or same hardness as the 

indenters. 

In the second series of experiments, the softer materials are used to prepare indenters and test 

harder materials. This means that their ΔH values are negative in these tests. As an example, a 

PcBN sample is tested by SiC indenter as shown in Fig. S3(c). The indentations produced by SiC 

indenter are irregular quadrangles compared with those produced by a standard N-D indenter. 

The high-resolution SEM images can show clear indentations for a load of 3 kg in the insert of 

Fig. S3 (c). The HO value of PcBN is 47.5 GPa, which is significantly higher than the HI value of 

30.11 GPa (shown in Table S2), giving rise to an ΔH of -15.4% and an ΔHO of 57.73%. The high 

ΔHO suggests that the hardness measurement value of a PcBN test sample by a SiC indenter is 

clearly unreliable (Table S3). Another example in these group of tests is the hardness 

measurement of a PCD test sample by a PcBN indenter, as shown in Fig. 3(d). Optical and SEM 

images of the indentations produced by the PcBN indenter show that the indentations are smaller 

than the corresponding indentations produced by a standard N-D indenter with the same loads. 

They are also irregular. The HO value of PCD is 107.79 GPa, which is much higher than the HI 

value of 62.5 GPa (Table S2), leading to a ΔH of -47.39% and ΔHO of 72.47% in this case. This 

suggests that the hardness measurement of the PCD test sample by the PcBN indenter is 

unreliable (Table S3). Yet another example in this group is a BCN sample tested by a PCD 

indenter. The centers of the indentations show white areas in the optical image under loads of 0.3 

and 0.5 kg, suggesting the tips of PCD indenter may have severe plastic deformation or even be 

broken during the loading process on the polished surface of BCN sample. The image of this 

indentation shown in Fig. S4 (e) confirmed our hypothesis. The HO is 95.56 GPa, which is 

greater than HI value of 85.5 GPa (Table S2), leading to an ΔH of -25.63% and ΔHO of 11.77 %, 

suggesting the hardness measurement of the PCD test sample by the PcBN indenter is also 

unreliable (Table S3). According to these 3 hardness tests, it is further confirmed that the 

hardness measurements are also not reliable and consistent when the samples have higher 

hardness than the indenters. 

In the third set of tests in this study, the harder indenters were used to measure the hardness of 

the softer materials. The value of ΔH is positive in these tests. Optical indentation image of YG 8 

tested sample by Al2O3 indenter is shown in Fig. S3 (e), and it can be seen that the size of 

indentation produced by Al2O3 indenter is similar to that produced by N-D indenter. The HO is 

14.49 GPa, which is so close to HI value of 14.23 GPa (shown in Table 2), giving rise to the ΔH 

of 36.33% and the ΔHO of 1.76%. It suggests that the hardness measurement of YG 8 (tested 

sample) by both Al2O3 (prepared indenter) and N-D indenters are reliable (shown in Table 3). 

Another example is to measure the hardness of a SiC sample by a PcBN indenter, as shown in 

Fig. S3 (f). The HO value is 25.68 GPa, which is almost equal to the HI value of 25.48 GPa 

(Table S2), leading to a ΔH of 18.2% and a ΔHO of 0.78%. This indicates that the hardness 

measurement of the SiC test sample by both the PcBN and N-D indenters are reliable (Table S3). 

Yet another example is to measure the hardness of a Al2O3 sample by a SiC indenter (Fig. S4 
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(b)). The HO is 20.04 GPa, which is almost equal to the HI value of 19.21 GPa (Table S2), 

leading to a ΔH of 45.81% and ΔHO of 4.35%, suggesting the hardness measurement is reliable 

(Table S3). Other series of testing-experiment results with reliable hardness measurements such 

as PCD (prepared indenter) vs YG 8 (test sample), PCD (prepared indenter) vs YG 6 (test 

sample), PCD (prepared indenter) vs Al2O3 (test sample), PCD (prepared indenter) vs SiC (test 

sample), and SC-D (prepared indenter) vs BCN (test sample) are all shown in Tables 2 and 3. 

Moreover, the SEM and optical images of a BCN sample tested by a SC-D indenter is shown in 

Fig. S4 (d). 

In summary, if ΔH is equal to zero or negative, where the hardness of the indenter is equal to 

or less than the hardness of the test sample, the measured value of the test sample is higher than 

the nominal value measured by the standard N-D indenter. Since ΔHO is always higher than 10% 

in the tests in this study, the tests are considered unreliable. If ΔH is positive, meaning if the 

hardness of the indenter is higher than the tested sample, there is a higher chance to obtain a 

reliable hardness value for the tested material. In the case of ΔH=18.2% a SiC sample is tested by 

a PcBN indenter, and the deviation of hardness from the nominal value tested by the standard N-

D indenter is found to be only 0.78%. Therefore, when ΔH is equal to or higher than 18.2%, ΔHO 

is always less than 4.35%, so we can state with high confidence that the measurement is reliable.  
  



 

 

 

Saudi Aramco: Public 

 

 
Fig. S1. 

Optical images of starting materials and tips of indenters made of these materials. a N-D, 

the standard Vickers indenter. b SC-D.  c Al2O3. d SiC. e PcBN. f PCD. 
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Fig. S2. 

Vicker’s hardness tests. Hardness of various materials tested by N-D standard Vickers indenter 

with different applying loads. 
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Fig. S3. 

Optical and SEM images of Vickers indentations of the test samples. Indentations of tested 

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 

insert (below) in SEM image shows the indentation produced by prepared indenter. a Both 

test sample and indenter are Al2O3 with load 0.3 kg. b Both test sample and indenter are PcBN 

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

and indenter is PcBN with load 0.5 kg. e Test sample is YG8 and indenter is Al2O3 with load 0.5 

kg. f Test sample is SiC and indenter is PcBN with load 3 kg. 
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Fig. S4. 

Optical and SEM images of test samples’ Vickers indentations. Indentations of test samples 

produced by N-D indenter are marked with yellow arrows, and indentations produced by 

prepared indenters are marked with white arrows in optical images. Insert above in SEM 

image of indentation is produced by N-D indenter and the insert below is produced by indenters. 

a Both test sample and indenter are SiC with load 3 kg. b Test sample is Al2O3 and indenter is 

SiC with load 0.5 kg. c Both test sample and indenter are PCD with load 0.5 kg. d Test sample is 

BCN and indenter is SC-D with load 3 kg. e Test sample is BCN and indenter is PCD with load 

0.3 kg. f Test sample is N-D and indenter is SC-D with load 3 kg. 
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Table S1. 

Information of materials for preparing Vickers indenters and test samples in the cross-test 

experiments. 

 

Material 
Crystal Structure 

Vickers Hardness 

(GPa)* 
Application 

YG 6 polycrystalline 20.45±0.43 Sample 

YG 8 polycrystalline 0.5~0.7 13.97±0.08 Sample 

Al2O3 
single crystal -c axis 

(0001) 
17.67±0.46 

Indenter/ 

Sample 

SiC 
single crystal -6h 

(0001) 
25.48±0.26 

Indenter/ 

Sample 

PcBN polycrystalline 30.11±0.2 

Indenter/ 

Sample 

PCD polycrystalline 60.35±0.5 

Indenter/ 

Sample 

BCN polycrystalline 75.11±2.04 Sample 

N-D single crystal -(111) 80~120 Indenter 

SC-D single crystal -(111) 117.03±6.31 

Indenter/ 

Sample 

* The Vickers Hardness is tested by applying load 3 kg and dwell time 15 s. 

  



 

 

 

Saudi Aramco: Public 

Table S2. 

Vickers hardness of prepared indenters and test samples by N-D indenter, and test samples 

by prepared indenters. 

Prepared 

indenter 

HI  

Tested 

sample 

HS HO 

HV tested by N-D 

indenter 
 

HV tested by N-D 

indenter 

HV tested by prepared 

indenter 

Load 

(kg) 

HV 

(GPa) 

STD 

(GPa) 
 

Load 

(kg) 

HV 

(GPa) 

STD 

(GPa) 

Load 

(kg) 

HV 

(GPa) 

STD 

(GPa) 

Al2O3 0.3 19.45 0.22 on Al2O3 0.3 19.45 0.22 0.3 28.20 1.1 

Al2O3 0.5 19.21 0.24 on YG 8 0.5 14.23 0.06 0.5 14.49 0.16 

Al2O3 1 18.08 0.40         

Al2O3 3 17.67 0.46         

SiC 0.3 29.00 0.45 on Al2O3 0.5 19.21 0.24 0.5 20.04 0.29 

SiC 0.5 28.00 0.27 on PcBN 3 30.11 0.43 3 47.50 1.53 

SiC 1 27.35 0.19 on SiC 3 25.48 0.26 3 32.89 1.03 

SiC 3 25.48 0.26         

PcBN 0.3 33.82 0.43 on PCD 0.5 62.50 0.54 0.5 107.79 18.79 

PcBN 0.5 32.88 0.33 on PcBN 3 30.11 0.2 3 48.05 1.46 

PcBN 1 32.30 0.37 on SiC 3 25.48 0.26 3 25.68 0.72 

PcBN 3 30.11 0.2         

PCD 0.3 63.58 1.1 on PCD 0.5 62.50 0.54 0.5 82.10 1.6 

PCD 0.5 62.50 0.54 on BCN 0.3 85.50 3.13 0.3 95.56 1.89 

PCD 1 60.69 0.74 on YG 6 3 20.45 0.43 3 20.70 0.38 

PCD 3 60.35 0.5 on YG 8 3 13.97 0.08 3 14.01 0.15 

PCD    on Al2O3 3 17.67 0.46 3 17.83 0.19 

PCD    on SiC 3 25.48 0.26 3 25.52 0.34 

N-D 0.3 

80~120 on 

SC-D 0.3 118.15 4.46 0.3 118.15 4.46 

N-D 0.5 SC-D 0.5 119.39 2.82 0.5 119.39 2.82 

N-D 1 SC-D 1 115.23 6.54 1 115.23 6.54 

N-D 3 SC-D 3 117.03 6.31 3 117.03 6.31 

SC-D 0.3 118.15 4.46 

on 

BCN 0.3 85.50 3.13 0.3 88.34 3.13 

SC-D 0.5 119.39 2.82 BCN 0.5 81.96 1.52 0.5 82.74 1.52 

SC-D 1 115.23 6.54 BCN 1 79.55 1.29 1 79.77 1.29 

SC-D 3 117.03 6.31 BCN 3 75.10 2.04 3 75.62 2.04 

HI, hardness value of prepared indenter tested by N-D indenter; HS, hardness value of tested sample tested by N-D 

indenter; HO, hardness value of tested sample by prepared indenter; STD, standard deviation of hardness from the 

multiple measurements; vs, versus.
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Table S3. 
Contrastive hardness measurements using different ceramic indenters for testing different ultra-

hard materials. 

 

Indenter Sample Load (kg) ΔH (%) ΔHO (%) Conclusion 

Al2O3 Al2O3 0.3 0 44.99 Unreliable 

Al2O3 YG 8 0.5 36.33 1.76 Reliable 

SiC Al2O3 0.5 45.81 4.35 Reliable 

SiC PcBN 3 -15.40 57.73 Unreliable 

SiC SiC 3 0 29.11 Unreliable 

PcBN PCD 0.5 -47.39 72.47 Unreliable 

PcBN PcBN 3 0 59.56 Unreliable 

PcBN SiC 3 18.2 0.78 Reliable 

PCD PCD 0.5 0 31.36 Unreliable 

PCD BCN 0.3 -25.63 11.77 Unreliable 

PCD YG 6 3 195.02 1.21 Reliable 

PCD YG 8 3 332.02 0.27 Reliable 

PCD Al2O3 3 241.51 0.89 Reliable 

PCD SiC 3 136.87 0.16 Reliable 

SC-D BCN 0.3 38.20 3.32 Reliable 

SC-D BCN 0.5 45.67 0.94 Reliable 

SC-D BCN 1 44.86 0.29 Reliable 

SC-D BCN 1 55.82 0.69 Reliable 

 

 


