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Wear properties of oxide dispersion strengthened 
nickel alloys 

S. IKENO, I. SIOTA*,  M. NOBUKI,  M. NAKAMURA 
National Research Institute for Metals, 2-1, 1-chome, Sengen, Tsukuba-shi, Ibaragi 305, 
Japan 

Wear resistance of Ni superalloys and oxide-dispersed Ni alloys was studied at room 
temperature. The wear resistance was connected with dislocation behaviour in the alloys. 
Dislocations in Ni-1%AI203 and Ni-0.5%Y-1%AI203 easily cross-slipped at dispersed 
alumina particles. Dislocation cell structures fully developed. Easiness of the cell structure 
formation corresponded to the lower wear resistance of Ni-1%AI203 and 
Ni-0.5%Y-1%AI203 than Ni. On the other hand, the dislocations in MA6000 hardly 
cross-slipped at the dispersed yttoria. Cell structure was not formed. Difficulty of cell 
formation corresponded to the higher wear resistance of MA6000 than Sumicolloy No. 6, 
a kind of stellite alloy. 

1. Introduction 
Oxide-dispersion-strengthened Ni alloys (ODSs) for 
high-temperature use have been developed and the 
mechanical properties of the ODSs have been exten- 
sively investigated [-1, 2]. The ODSs have little ductil- 
ity for turbine blades. However, their good creep 
properties are suitable for guide rolls of hot roller or 
under-earth pipes of oil wells. There, wear resistance 
at high temperatures is one of the most important 
properties of structural materials. Wear properties of 
the ODSs have not yet been studied. 

The ODSs were produced by powder metallurgy 
methods. Good  creep properties were obtained for 
small amounts of oxide particles (1%) and for small 
oxide particle size (2-30 nm) [3]. However, those con- 
ditions were not suitable for wear resistance. Com- 
posites of metals and ceramic particles exhibited 
higher wear resistance for large amounts of particles 
(above 5%) [4-7]  and large sizes of particles (above 
1 gm) [8, 9, 10], whether hard or soft particles. In wear 
studies of composites, counter faces of steel were 
scratched by dispersed hard particles and fine debris 
adhered on the composites [-11]. The fine debris grew 
and wear particles were torn off from the metal matrix. 
In wear studies on metals, wear particles came from 
dislocation cell structures. Ease of dislocation cell 
formation induced the wear of metals. Therefore, 
metals of low stacking fault energies and h.c.p, metals 
have good wear properties [12]. In the ODSs under 
wear, interactions between dislocations and dispersed 
fine oxides influence dislocation structures. If the cell 
structure is easily formed by the interactions, wear 
resistance of the ODSs is low. 

In this work, the wear resistance of Ni, annealed Ni, 
Ni- l%A1203,  Ni 0.5%Y-l%A1203,  IN600, MAR- 
M427, MA6000 and Sumicolloy No. 6 was examined 

by using an Ohgoshi-type wear testing machine in 
order to study effects of dispersion in ODSs. The tests 
were performed at room temperature. As it is known, 
wear properties in different kinds of materials are 
difficult to compare with each other. Therefore, the 
wear resistance was compared between Ni ODSs and 
Ni superalloys. As a standard for good wear resist- 
ance, Sumicolloy No. 6, a kind of stellite, was adopted. 
The main elements of stellite were Co, Cr and W. 
Sumicolloy No. 6 is used for counter faces to valve 
sheets in automobiles, by surface welding. 

Dislocation structures of the alloys before and after 
wear were observed by a high voltage electron micro- 
scope. 

2. Experimental  detai ls  
The alloy contents are shown in Table 1. Ni was 

a vacuum melt and rolled rod of 20 mm. Some Ni 
specimens were annealed 6 h at 1173 K in vacuum. 
Ni 1%A1203 and Ni-0.5%Y 1%A1203 were pro- 
duced by mechanical alloying and hot-extrusion, us- 
ing carbonyl Ni powder of 1 gm, yttorium powder of 
3 gm and Degusa's alumina particles of 20 nm. Reduc- 
tion rate was 40 and extrusion temperature was 
1323 K. The rods were of 10 mm diameter. IN600 is 
a wrought Ni alloy [t3].  MAR-M427 is a cast Ni alloy 
[13]. MA6000 was an ODS Ni alloy containing 
yttoria particles of 20 nm [1]. 

Wear rates were measured with the Ohgoshi-type 
wear-testing machine, which was an improved Scoda 
Savan type. The principle of the testing machine is 
shown in Fig. 1. In the Ohgoshi testing machine, the 
load is applied proportional to the square root of the 
friction distance, so that the pressure is kept approx- 
imately constant during the test. Quenched $55C 
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T A B L E  I Con ten t s  of a l loys 

C Ni  Cr  Co M o  W Ta  N b  Hf  A1 Ti V B Zr  Fe M n  Si Others  

Ni  0.02 bal. 0.02 - - 0.0015 0.0015 Cu 

Ni -1%A1zOa  0.01 bal. - . . . .  0.002 - - 1 .0AlaO3 

N i - 0 . 5 % Y -  0.01 bal. - . . . .  0.002 - - 0 .5Y 

I % A I 2 0  3 1.0A1203 

IN600 0.08 hal. 15.5 - - 8.0 0.5 0.2 

M A R - M 2 4 7  0.16 bal. 8.2 10.0 0.6 10.0 3.0 1.5 5.5 1.0 0.00 0.09 - - 

MA6000 0.05 bal. 15 2.0 4.0 2.0 - 4.2 2.5 0.01 0.15 - 1 .0YzO 3 

Sumicol loy  1.27 2.45 26.8 62.08 0.09 3.96 - 2.39 0.96 

No. 6 

I 0 -5 

Figure 1 Pr inc ip le  of wear  testing. A ro ta t ing  p la te  (slider) is pressed 

on to  a specimen surface. S: specimen,  w: worn  volume,  v: s l iding 

speed, r: radius  of slider, P: load,  bo: b r ead th  of s l id ing t rack,  bl: 

length  of s l iding track. 
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Figure2 W e a r  rates of Ni. Hv: Vickers  hardness,  E: Young ' s  

modulus ,  Po: final load.  

(plain milled carbon steel) was used for a slider. 
Vickers hardness of quenched $55C was 655. 

Specific wear rate was obtained from the following 
approximat ion:  
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W, = b~ bo/8rPod(mm 3 m m -  1 N -  t) 
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Figure 3 W e a r  rates of annea led  Ni. 
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Figure 4 W e a r  rates of N i - 1 %  A1203, a lumina-d i spe r sed  Ni. 
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Figure 5 Wear rates on Ni 0.5% Y 1% A1203, alumina-dispersed 
Ni 0.5%Y. 
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Figure 7 Wear rates of MAR-M427, cast N! superalloy. 
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Figure 6 Wear rates of IN600, wrought Ni superalloy. 
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Figure 8 Wear rates of MA6000, yttoria-dispersed Ni superalloy. 

where P0 is a final load, 20.58 N, 31.36 N and 67.72 N 
in this work; the initial radius r was 30 mm; thickness 
bo was 2 mm, which corresponded tO the sliding track 
b r e a d t h ;  b I was the sliding track length. In this experi- 
ment, the friction distance d was fixed at 200 m. Slid- 
ing speeds do not appear  in the formula. However, the 
speeds were changed from 0.2 to 3.6 m s 2. The wear 
test was carried out in air at room temperature, and in 
40 50% humidity. 

Substructure of alloys were observed with a JEM 
200 kV electron microscope. Thin films for the obser- 
vation were prepared by electropolishing. A mixture 
of 80% ethanol and 20% perchloric acid was an 
electrolyte. The cathode voltage was 20 V: 

3 .  R e s u l t s  

In Figs 2-9, specific wear rates of the alloys are 
shown. Vickers hardness Hv and elastic modulae E of 
the alloys are also shown in the figures. 

In N i - l%A1203  and Ni -0 .5%Y- l%A1203 ,  the 
wear rates were of the same order in Ni and became 
larger than in Ni with increased sliding speeds. This 
difference did not come from the difference in hard- 
nesses alone, because annealed Ni was soft and 
showed lower wear rates than Ni 1%A1203 and 
Ni 0.5%Y 1%A1203, as shown in Fig. 3. 

In IN600, MAR-M427 and MA6000, wear rates 
became one order lower than in Ni. Those three alloys 
exhibited wear rates of the same order and lower than 
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Figure 9 Wear rates of Sumicolloy No. 6, a kind of stellite. 

Figure 12 Dislocation structure of (a) the original Ni 1% A1203 
specimen and (b) a layer about 100 gm below the friction surface. 
Po: 20.58 N, v: 3 .6ms -1. Pd = dispersed particle; Bg = grain 
boundary. 

Figure 13 Dislocation structure of (a) the original Ni-0.5%Y 1% 
A1203 specimen and (b) a layer about 100 pm below the friction 
surface. P0:20.58 N, v: 3.6 ms  -1. 

Figure 10 Dislocation structure of (a) the original Ni specimen and 
(b) a layer about 100 gm below the friction surface. Final load Po: 
20.58 N, sliding speed v: 3.6 ms  -1. 

Figure 11 (a) Dislocation-free subgraiu of annealed Ni and (b) dislo- 
cation structure of a layer about 100 gm below the friction surface. 
Bg = subgrain boundary, Ed = edge of specimen. Po: 20.58 N, v: 
3 .6ms 1. 
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Figure 14 Dislocation structure of (a) the original IN600 specimen 
and (b) a layer about 100 gm below the friction surface. P0:20.58 N, 
v: 0 .2ms  -1. 

Sumicolloy No. 6. The wear rates in IN600 were 
somewhat higher than in MAR-M427 and in 
MA6000. 

In Figs 10 17, substructures of alloys are shown. In 
Ni 1%A1203 and Ni -0 .5%Y- l%A1203 ,  dense dislo- 
cation tangles were formed in layers below the friction 
surface. In IN600, dislocation cells of larger diameter 
were formed. In MAR-M427 and MA6000, a disloca- 
tion cell structure was not formed. In Sumicolloy 



Figure 15 Dislocation structure of (a) the original MAR-M427 
specimen and (b) a layer about 100 gm below the friction surface. 
P0: 20.58N, v: 0 .2ms -1. 

Figure 16 Dislocation structure of (a) the original MA6000 speci- 
men and (b) a layer about 100 gm below the friction Surface. P0: 
20.58 N, v: 0.2 m s 1. 

partly came fi-om the difference between the wettabili- 
ties of dispersed particles with matrix metals. 

Low wettability of alumina with Ni [14] is able to 
cause fragility in the deformation layer below the 
friction surface. Yttoria particles reacted with A1 in 
MA6000 [ 15]. Wettability of the yttoria particles with 
matrix metals is somewhat higher than alumina par- 
ticles. This partly brings toughness to the deformation 
layer below the friction surface. Ductility of alloys 
brings higher wear resistance in low-cycle fatigue type 
wear [16] or ratchetting failure type wear [17]. How- 
ever, wettability of the yttoria particles was not so 
high as to confer ductility to ODSs. Extension of 
ODSs to failure was less than 2-3% [1,2]. 

A great difference in dislocation structures was ob- 
served among the ODSs. Dislocation tangles were 
well developed by cross-slip or climb by interactions 
between dislocations and fine particles [18-20], as in 
Ni-l%A1203 and Ni-0.5%Y-l%A1203. The tangles 
grew to the dislocation cell structures. Wear particles 
were easy to form [12]. On the other hand, by a com- 
puter-aided alloy design [21], alloy contents were 
controlled to maximize solution and precipitation 
hardening. Dislocations in MA6000 are hard to cross- 
slip or climb at dispersed yttoria particles. Dislocation 
cell structures were not formed and wear particles 
were hard to form [12]. 

For large particle size, dislocation cross-slip or 
climb are not easy [22]. Large amounts of particles 
diminish the flexibility of dislocations [23-25]. In 
both cases, dislocation cell structures were not formed, 
and neither were wear particles. Besides bearing of 
loads by ceramic particles, these effects brought good 
wear resistance to the composites, in the case of large 
size and large amounts of particles [4-9]. 

5. Conclusions 
Addition of small amounts of fine particles to ODSs 
does not always bring lower wear resistance. If metal 
elements prevent a dislocation from cross-slipping or 
climbing at fine particles, ODSs exhibit better wear 
resistance than Sumicolloy No. 6, a kind of stellite 
alloy. 

Figure 17 Dislocation structure of(a) the original Sumicolloy No. 6 
specimen and (b) a layer about 100 gm below the friction surface. 
Dp: partial dislocation. P0:20.58 N, v: 3.6 m s-~. 

No. 6, partial dislocations operated and the disloca- 
tion cell structure was not formed. 

4. Discussion 
Addition of small amounts of fine alumina particles 
deteriorated the wear resistance of Ni-1%A1203 and 
Ni-0.5%Y-l%AlzO3. On the other hand, the addi- 
tion of small amounts of fine yttoria particles in 
MA6000 yielded good wear resistance. This difference 
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