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Abstract 19 

Ni-base superalloys have excellent oxidation resistance, but impurity S drastically decreases their 20 

properties. This is due to the segregation of S to the oxide/substrate interface, but direct and quantitative 21 

measurements of the interfacial strength in relation to the S segregation level have not been widely 22 

conducted. The objective of this research is to quantitatively analyze the interfacial strength between the 23 

Al2O3 layer and Ni-base substrate interfacial strength, depending on the S segregation level, using 24 

nanoindentation. Ni-9.8 wt.% Al alloys were prepared by melting the material using either an Al2O3 crucible 25 

(high Sinterface alloy) or a CaO crucible (low Sinterface alloy). Nanoindentation tests using a 60 degree 26 

pyramidal diamond indenter were conducted, and the cross-sections of both specimens exposed the (100) 27 

plane. Indentation near the interface formed cracks at the boundary between the two layers, which can be 28 

observed as pop-ins in the load-depth curves. The amount of load at the initial pop-in most likely represents 29 

the interfacial strength between the Al2O3 layer and Ni-base substrate. A Weibull analysis of results showed 30 

that suppression of the S segregation level increased the critical β scale parameter for crack formation by 31 

650 μN. This suggests that we were able to successfully compare the effect of S segregation on the 32 

interfacial strength between the Al2O3 layer and the Ni-base substrate quantitatively. 33 

 34 

Introduction 35 

about:blank


 Ni-base single-crystal superalloys are designed to have excellent oxidation resistance and mechanical 36 

properties at high temperatures of about 1000 °C. To improve the thermal efficiency of jet engines and gas 37 

turbines, single-crystal superalloys such as TMS-238, which has temperature capabilities higher than 38 

1100 °C, has been created [1]. For these superalloys, cyclic oxidation resistance plays an important role. 39 

However, impurities such as S, which enter the alloys from the fuel and the environment used, are known 40 

to be detrimental to the high temperature oxidation, even at a ppm level [2-8]. This is most likely caused 41 

by decrease in the adhesion of the interface between the Al2O3 oxide layer and the Ni-base substrate, due 42 

to the S segregation at this interface. To avoid any S segregation, according to Smialek, the ideal S 43 

concentration without the addition of reactive elements would be around 0.1 ppm; for wall thickness 44 

relevant to turbine components, it needs to be <1 ppm to observe oxidation benefit [6].  45 

Additionally, with the rise in the cost of rare metals, methods to reuse materials will be required, and 46 

techniques to remove impurity S will be crucial. Utada et al. developed the direct recycling method which 47 

uses CaO crucibles rather than the conventional Al2O3 crucibles to remelt the used turbine blades, made of 48 

Ni-base superalloys [9]. This not only removes the S from the alloy, but also limits the S segregation level 49 

at the Al2O3/alloy interface  by trapping S within the substrate by the formation of CaS, thus improving its 50 

oxidation resistance [7,8]. Using this method, we were able to see improvement in oxidation resistance even 51 

for alloys with S content higher than 1 ppm, due to the decrease in the S segregation level at the interface 52 

observed using scanning transmission electron microscopy with energy-dispersive X-ray spectroscopy 53 

(STEM-EDS) and 3D atom probe (3DAP) [7,8]. These results suggest that the critical factor is the S 54 

segregation level at the interface, rather than the S concentration of the alloy. 55 

Therefore, to determine the S segregation level acceptable for creating oxidation resistant alloys from both 56 

ingots and reused materials, it is important to analyze the oxide/substrate interfacial strength quantitatively. 57 

Several authors reported that calculations and simulations had made it possible to predict the differences in 58 

interfacial strength caused by S segregation. For example, density functional theories have been used by 59 

several researchers to determine the changes in adhesion of Al2O3 layer and Ni-base substrate by the 60 

existence of S [10-12]. Other methods such as macroscopic atom models have also been used by Bennett 61 

et al. to determine the adhesion of oxides and metals [13]. However, this has been difficult to quantify the 62 

segregation level and the changes in interfacial strength, as well as proving these results experimentally. 63 

Scratch or pull-off tests have been used previously to assess the adhesion of oxide layers [6,14-15]. Hou et 64 

al. determined the S segregation level using Auger electron spectroscopy and compared the interfacial 65 

strength using Vickers micro-indenters and tensile testers [4,16]. They have shown that the oxide/substrate 66 

interface had weakened due to the existence of S. But these methods are difficult to use when trying to 67 

compare the differences directly and quantitatively for the interfacial strengths caused by the S, specifically 68 

at the Al2O3/alloy, due to the sizing and adherence of the interface and the formation of various layers of 69 

oxides.  70 



Therefore, the objective of this research is to incorporate nanoindentation to quantitatively clarify the 71 

interfacial strength between the Al2O3 layer and the Ni-base substrate, depending on the S segregation level. 72 

Several factors such as the placement of the indenters within the specimens as well as the reliability of the 73 

tests were considered, and what had occurred during the nanoindentation tests was analyzed as well.  74 

 75 

Experimental Methods 76 

 Ni-9.8 wt.% Al single crystal (SC) alloys, used in a previous study [8], were also used for this research to 77 

simplify the interfacial structure by constraining the oxide species formed, while retaining similar γ/γ’ 78 

structures as the Ni-base superalloys.  Alloys with different levels of S segregation at the interface were 79 

created by melting the materials using an Al2O3 crucible (alloy (high Sinterface)), and a CaO crucible (alloy 80 

(low Sinterface)). The alloys contained 2 ppm of S and <1 ppm of Ca for alloy (high Sinterface), and 3 ppm of S 81 

and 6.2 ppm of Ca for alloy (low Sinterface), both of which were mirror polished and chemically analyzed 82 

using glow discharge mass spectrometry [8]. Although the S contents were about the same, S segregation 83 

level at the interface between Al2O3 and Ni-Al alloy was significantly higher for alloy (high Sinterface) 84 

compared to alloy (low Sinterface) [8]. In the previous research the samples were oxidized at 1100°C for 1 h 85 

and cooled in air, and the S segregation levels were measured using STEM-EDS, during which, the alloy 86 

(high Sinterface) had around 2.0 at.% S segregation at the interface, while the alloy (low Sinterface) showed less 87 

than 0.5 at.% S segregation. Note that how much S segregation is present at the scale-metal interface 88 

depends on the S reservoir, which is proportional to metal thickness, and the time and temperature exposed, 89 

all of which were consistent between the two types of samples. Separate samples created from the same 90 

ingot were prepared for nanoindentation measurements. To match the conditions to the previous research 91 

and to grow the Al2O3 scale and limit the oxide spallation as much as possible, the specimens were oxidized 92 

at 1100 °C for 1 h in air and cooled off within the furnace at 10 °C/min. Each specimen was cut into a 93 

cuboid with 5 mm in height and placed on an Al-based platform so that the Al2O3/alloy interface faced 94 

upwards. The crystal orientations of the specimens were measured using the Laue X-ray backscattering 95 

method (RIGAKU SA-HF3S) and adjusted so that all specimens faced the (100) plane during testing. The 96 

cross-sections of each specimen were both mirror and vibration polished (Saphir Vibro, ATM).  97 

Nanoindentation (HYSITRON, TI950 TriboIndenter) tests were conducted to measure the differences in 98 

the interfacial strength of the alloys, using a diamond, 3-sided pyramid tip with an angle of 60 degrees. 99 

Figure 1 shows the schematic diagram of the nanoindentation tests conducted for both alloy (high Sinterface) 100 

and alloy (low Sinterface) in this research. The initial indent position was in the Al2O3 oxide layer, 0.5 μm 101 

away from the interface of the protective oxide layer and Ni-base alloy for testing at the interface (Fig. 102 

1(b)).  This is far enough from the interface so that the cracks forms between the two layers during testing, 103 

but not too far so that the indenter does not fall within the Al2O3 layer. Only for the Al2O3 layer, initial 104 

indent positions were set at around 1.0 nm away from the interface (Fig. 1(a)). Tests were also conducted 105 

within the substrate as well (Fig. 2(c)). The distance was determined by the observation of the 106 



oxide/substrate interface using atomic force microscopy, where the microscope was incorporated within the 107 

TI950 TriboIndenter. The tests conducted near the interface were executed 17 times for each specimen, 108 

where each test was conducted at 600 μN/s loading and unloading rate and 10 s holding time in between 109 

(only for test conducted directly at the interface in the discussion section, it was conducted at 750 μN/s 110 

loading and unloading rate and 10 s holding time in between). Scanning Electron Microscope (SEM) images 111 

of each indentation marks were taken afterwards using field emission scanning electron microscope (FE-112 

SEM, ZEISS GeminiSEM300). Electron backscatter diffraction (EBSD, ZEISS GeminiSEM300) maps 113 

were taken at the interface of both specimens as well.  114 

 115 

 116 

Figure 1 –  Schematic diagram of the nanoindentation test sample and the position of indentation for testing 117 

at (a) Al2O3 layer, (b) interface, and (c) substrate. 118 

 119 

Results 120 

Figure 2 (a) shows an example of load (P)-penetration depth (h) curves of alloy (low Sinterface), tested within 121 

the Al2O3 layer, near the Al2O3/alloy interface, and on the Ni-Al alloy. The white plots within the SEM 122 

images are the locations of where the indenters were placed initially. For indentation near the interface, 123 

deformation by the nanoindentor started off within the Al2O3 layer, resulting in the same slope as the curves 124 

for the Al2O3 oxide layer. The large strain burst event, called a ‘pop-in’, is triggered by crack formation on 125 

the interface as shown in the SEM image. This load is surmised to correspond to interfacial cracking of the 126 

alloy, since there appears a significantly higher pop-in load for the indents within the Al2O3 layer. In this 127 

study, the initial pop-in load (Pc) was determined to be an indicator of interfacial strength. Further, after the 128 

large initial pop-in on interface, the indent tip moved from initial position to the alloy. Due to the tip 129 

movement, the slope of P-h curve near the interface significantly decreased compared to before the pop-in 130 

and exhibited a shallower slope than that on the alloy. Furthermore, the P-h curve included several small 131 

pop-in events. Thus, the decreased slope includes both alloy deformation and crack propagations.  132 

Figure 2 (b) shows the results for the same tests conducted on alloy (high Sinterface). The Pc taken from the 133 

tests conducted within the Al2O3 was 5503 μN for alloy (high Sinterface) and 5671 μN for alloy (low Sinterface), 134 



and the curves are similar in shape. The same shift in the P-h curve could be observed in both Figs. 2 (a) 135 

and (b), showing that this test could be conducted for both alloys. The occurrence of pop-in was judged by 136 

a rapid increase of penetration depth under nearly constant load. The rapid increase was judged by the 137 

criterion that the increase of the penetration depth Δh from the previous plot was larger than 1.0 nm (3.0 138 

nm only for Al2O3 layer).  This was done to eliminate the effect of small crack formations at the beginning 139 

of the test, most likely effects from the porous Ni-Al-O layer formed nearby. 140 

 141 

 142 

Figure 2 –  P-h curves of (a) Al2O3 layer (gray line on left), interface (blue), and alloy (gray line on the 143 

right) for Ni-Al melted using a CaO crucible (low Sinterface). (b) Al2O3 layer (gray line on left), interface 144 

(red), and alloy (gray line on right) for Ni-Al melted using an Al2O3 crucible (high Sinterface). 145 

 146 

Figure 3 shows five P-h curves near the interface for (a) alloy (high Sinterface) and (b) alloy (low Sinterface), 147 

and one of the SEIs after the indentation tests. The crack lengths associated with the indents were slightly 148 

larger for alloy (high Sinterface) compared to alloy (low Sinterface), and all test results showed crack formation 149 

at the Al2O3/alloy interface. This suggests that the method is reproducible for detecting interfacial cracking 150 

events. Further, Pc for alloy (high Sinterface) is lower than that for alloy (low Sinterface). However, Pc for both 151 

alloy (high Sinterface) and (low Sinterface) show large scatters because of the brittle fracture on the interface. 152 

These results suggest that the Al2O3/alloy interfacial strength was lower for alloy (high Sinterface) than alloy 153 

(low Sinterface).  154 

 155 



 156 

Figure 3– SEIs of the indentation marks and load-depth curves for (a) Ni-Al melted using an Al2O3 157 

crucible (alloy (high Sinterface)) and (b) Ni-Al melted using CaO crucible (alloy (low Sinterface)). Arrows 158 

show where the initial pop-in had occurred.  159 

 160 

Discussion 161 

 To statistically evaluate the differences in Pc for brittle interfacial cracking of the two alloys, Pc values 162 

were evaluated based on two-parameter Weibull distributions as shown in Figure 4. Here, the median 163 

ranking method;  𝐹(𝑃c) = 𝑖 − 0.3 𝑁 + 0.4⁄ , where i is the Pc order, and N is the number of tests, was used. 164 

The Weibull equation is as follows:  165 

ln ln
1

1 − 𝐹(𝑃c)
= 𝑚(ln 𝑃c − ln𝛽) (1) 166 

where m is the Weibull parameter, and β is the scale parameter. The slope and intercept of approximated 167 

linear lines shown for each alloy in Fig. 4 are used to determine m- and β-values. The red triangles represent 168 

the results for alloy (high Sinterface), and the blue squares represent the results for alloy (low Sinterface). For 169 

alloy (high Sinterface), 𝑚 = 3.48, and 𝛽 = 2248 μN, while for alloy (low Sinterface), 𝑚 = 6.39, and 𝛽 = 2898 170 

μN. The values of the coefficient of determination were 0.958 and 0.989, respectively, indicating that both 171 

linear lines are well-fitted. This implies that alloy (high Sinterface), which has higher S segregation at the 172 

interface between Al2O3 layer and Ni-base substrate, shows significantly lower strength and larger scatter 173 

than low S interface. Therefore, it can be said that alloy (low Sinterface) had 650 μN higher Pc compared to 174 

alloy (high Sinterface), which also directly relates to the interfacial strength between the Al2O3 layer and Ni-175 

base substrate, due to the suppression of S segregation. The m- and β-values consider the effect of not only 176 

the interfacial strength but also the shape of the interface and the location of initial indent position as well. 177 



However, the shape of interface and the locations of initial indent position were selected to be about the 178 

same for each test. Therefore, the effects are most likely small and significant differences were observed in 179 

the pop-in load (Pc), making this test method effective for differentiating interfacial strength, most likely 180 

for superalloys as well. 181 

 182 

 183 

Figure 4 – Weibull plots of the initial pop-in with Δh larger than 1.0 nm for Ni-Al alloys with different 184 

interfacial S segregation level. The red triangles indicate the results for Ni-Al melted using an Al2O3 185 

crucible (alloy (high Sinterface)), and the blue squares represents the results for Ni-Al melted using a CaO 186 

crucible (alloy (low Sinterface)).  187 

 188 

Next, the most likely process during this test was evaluated. When the indentation is conducted directly 189 

at the interface, it proved difficult to form cracks between the two layers. Figure 5 shows the (a) SEM image 190 

and (b) the P-h curve of when nanoindentation was conducted directly at the interface of the Al2O3 layer 191 

and Ni-base substrate for the alloy (low Sinterface). Here, large crack formation can be seen within the Al2O3 192 

layer; however, pop-in events cannot be observed in the P-h curve. It is evident that the indenter has slid 193 

towards the substrate before creating a clear indent at the interface. This is most likely due to the difference 194 

in the relative hardness of the two layers which were 13.7 GPa for Al2O3 and 3.64 GPa for the substrate, 195 

respectively. The P-h curve is similar to that taken at the substrate in Figs. 2 (a) and (b), suggesting that the 196 

test took place mostly in the substrate. From this result we can assume that the indenter has the tendency to 197 

deviate towards the substrate.  198 
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 200 

Figure 5 – Results of nanoindentation test conducted directly at the interface. (a) SEI of indentation mark 201 

conducted directly at the interface for alloy (low Sinterface) with the white dotted lines representing the indent 202 

perimeter and (b) the load-depth curve of this result.  203 

 204 

Several factors may affect these nanoindentation test results. For example, the crystal orientations and 205 

grain sizes of the Al2O3, as well as the thickness of these layers may alter the Pc values. To evaluate such 206 

points, EBSD analyses were conducted at the interface of both alloy (high Sinterface) and alloy (low Sinterface). 207 

Figure 6 shows the crystal orientations of the Al2O3 grains and the substrate of both alloy (high Sinterface) and 208 

alloy (low Sinterface). The substrate, which is the bottom half of the figures, faces the (100) direction for both 209 

alloys and are shown in red. The small grains shown in the top half of the images most likely represents the 210 

Ni-Al-O layers. The Al2O3 grains, shown right on top of the substrate, are around 1 μm in width and between 211 

0.4 and 0.7 μm height for both alloys, showing that the size of these grains is similar for both alloys. The 212 

crystal orientations for these grains, however, varies greatly. But for this research, the same indentation 213 

tests were conducted several times at different locations. By comparing the results using Weibull 214 

distribution, the differences caused by the crystal orientations of Al2O3 are incorporated into the results. We 215 

also assume that there may be a range of values with the increase in monolayers of S at the interface. 216 

However, factors such as these Al2O3 crystal orientations will also affect the results, and currently it 217 

is difficult to distinguish which factors affect the values of the interfacial strength the most. Therefore, 218 

this is also something to consider for future works. 219 

 220 



 221 

Figure 6 – EBSD crystal orientation maps of Al2O3 and Ni-base substrate taken at the interface of (a) alloy 222 

(high Sinterface) and (b) alloy (low Sinterface). 223 

 224 

Figure 7 shows the schematic diagram depicting what is most likely occurring during these 225 

nanoindentation tests; (a) the schematic P-h curve, (b) the top view, and (c) the side view of the tests 226 

conducted. (i) At the beginning of the test, indenter is placed on the oxide layer, 0.5 μm away from the 227 

interface. (ii) The indenter penetrates within the oxide, creating stress regions shown in yellow. (iii) The 228 

stress gradually increases as the indenter penetrates deeper within the sample. Before the indenter itself 229 

reaches the interface, stress will be applied to the interface indirectly. This will most likely lead to crack 230 

formations at the interface. (iv) Because the substrate is mostly γ phase due to the Al depletion by oxidation, 231 

it easily deforms compared to the Al2O3 oxide layer, which is ceramic, and the indenter gradually slides 232 

toward the interface. The indenter is pushed onto the interface, leading to the growth of the crack at the 233 

interface. When the indent size increased enough in h and the indenter edge with high stress concentration 234 

approached the interface, pop-in event is observed in the P-h curves. Afterwards, the indenter will continue 235 

moving towards the substrate, leading to the large pile-up at the end.  236 

 237 

 238 

Figure 7 – Schematic diagram of (a) load-depth curve, (b) top-view and (c) side-view of the nanoindentation 239 

test conducted near the interface.  240 
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Conclusions 242 

To conclude, the following have been clarified regarding the measurement of the interfacial strength 243 

between the Al2O3 layer and Ni-base substrate of the two types of Ni-9.8 wt.% Al alloys; an alloy melted 244 

using an Al2O3 crucible (high Sinterface) and an alloy melted using a CaO crucible (low Sinterface):  245 

1. Nanoindentation tests were conducted so that the side of the triangular indenter was parallel to the 246 

interface of the Al2O3 layer and Ni-base substrate. The indenter was placed on the Al2O3 layer, 0.5 247 

μm away from the interface, since placing it directly at the interface causes the indenter to slide 248 

towards the substrate before crack formation. The large difference in the hardness most likely leads 249 

to this phenomenon.  250 

2. Clear differences in the interfacial strength between alloys were observed using nanoindentation. 251 

According to the P-h curves, alloy (high Sinterface), which has higher S segregation level at the interface 252 

of the Al2O3 layer and Ni-base substrate, showed that the initial pop-in load, Pc, was lower compared 253 

to alloy (low Sinterface). The tests conducted near the interface, within Al2O3, and on the substrate 254 

showed that the pop-in seen in the P-h curves most likely represents the crack initiation at the interface.  255 

3. The Weibull distributions showed that alloy (low Sinterface) had 650 μN higher median pop-in load than 256 

alloy (high Sinterface), due to the suppression of the S segregation level. The fitted linear lines showed 257 

high coefficient of determination values, indicating that the values are reliable. This method can 258 

directly compare the interfacial strength quantitatively and is most likely suitable for the measurement 259 

of complex superalloys as well.  260 

We also plan on testing using TMS-238, a sixth generation Ni-base single crystal superalloy, since the S 261 

segregation level has been measured using 3DAP and STEM-EDS in previous research [7]. Ideally, the 262 

nanoindentation tests should also be conducted at elevated temperatures, to recreate the high temperature 263 

conditions and the effects of cyclic oxidation. However, that will be for future work.  264 
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