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EFFECT OF PROCESS CONTROL AGENT ON THE MICROSTRUCTURE OF Ni-BASED ODS SUPERALLOY PRODUCED 
BY MECHANICAL ALLOYING AND SINTERING

The effects of different types of process control agents (PCA) on the microstructure evolution of Ni-based oxide dispersion-
strengthened superalloy have been investigated. Alloy synthesis was performed on elemental powders having a nominal composi-
tion of Ni-15Cr-4.5Al-4W-2.5Ti-2Mo-2Ta-0.15Zr-1.1Y2O3 in wt % using high energy ball milling for 5 h. The prepared powders 
are consolidated by spark plasma sintering at 1000oC. Results indicated that the powder ball-milled with ethanol as PCA showed 
large particle size, low carbon content and homogeneous distribution of elemental powders compared with the powder by stearic 
acid. The sintered alloy prepared by ethanol as PCA exhibited a homogeneous microstructure with fine precipitates at the grain 
boundaries. The microstructural characteristics have been discussed on the basis of function of the PCA. 
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1. Introduction

Ni-based oxide dispersion strengthened (ODS) superalloys 
are promising materials for aircraft and gas turbine applications 
due to their excellent strength and high creep resistance [1,2]. 
They achieve excellent mechanical properties at high temperature 
by combination of gamma prime precipitation strengthening and 
oxide dispersion strengthening [3,4]. Generally, fabrication of 
ODS superalloys involves the mechanical alloying (MA) process 
and consolidation by heat treatment. The MA process is the core 
step to synthesis homogeneous superalloy powders, in which 
the elemental metal and oxide powders are subjected to the high 
energy ball milling to allow the oxide particles to be finely and 
homogeneously dispersed in the alloy matrix [1,5].

However, in order to develop the desired final chemical 
composition, homogeneity and grain refinement, the optimiza-
tion of milling process such as the avoidance of excessive cold 
welding and contamination is needed [6,7]. Nevertheless, the 
microstructure evolution of Ni-based ODS superalloy powders 
dependent on the process-control agents (PCA) has not been 
comprehensively reported [8]. This study aims to analyze the 
effect of different types of PCA, i.e., stearic acid and ethanol, on 
the microstructure of ball-milled powder and sintered specimen 
having a nominal composition of Ni-15Cr-4.5Al-4W-2.5Ti-
2Mo-2Ta-0.15Zr-1.1Y2O3 in wt %. Also, an optimum synthesis 
condition is suggested based on the observed microstructural 
characteristics of Ni-based ODS superalloy.

2. Experimental

Ni-based ODS superalloy powders were prepared using 
elemental Ni (8 μm), Cr (28 μm), Al (18 μm), W (12 μm), 
Ti (26 μm), Mo (3-10 μm), Ta (2 μm), Zr (2-15 μm) and Y2O3 
(0.05 μm) powders. The starting powders were initially mechani-
cally mixed in a tubular mixer for 1 h. Typical morphology of 
mixed powder is shown in Fig. 1. The mixed powders were then 
placed into stainless steel vessel with balls that were sealed and 
filled with Ar gas. The MA was carried out for 5 h using hori-
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Fig. 1. SEM image of mixed powders in a tubular mixer for 1 h
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zontal ball milling machine (Simoloyer, Zoz GmbH, Germany) 
by cyclic operation of milling velocity with a ball-to-powder 
weight ratio of 15:1 [9]. In order to investigate the effects of 
the species of PCA on the MA process, 1 wt% of stearic acid 
(CH3(CH2)16COOH) and ethanol (C2H5OH) was added to the 
total elemental powders, respectively. The PCA was removed 
by heating the ball-milled powders in air at 400oC for 2 h. The 
MA powders were sintered at 1000°C for 10 min in vacuum 
under a pressure of 30 MPa using spark plasma sintering (SPS, 
Sumitomo Coal Mining, Japan).

The size of ball-milled powders was measured by laser 
particle size analyzer (LS I3 320, Beckman Counter, USA). The 
carbon content was analyzed by automatic elemental analyzer 
(Flash EA1112, Thermo Finnigan). The processed powder and 
sintered specimen were characterized by X-ray diffraction (XRD, 
D/Max-IIIC, Rigaku Denki Co., Japan) analysis. The microstruc-
ture and elemental mapping were observed by scanning electron 
microscopy (SEM, JSM-6700F, JEOL Co., Japan) equipped with 
an electron probe micro-analyzer (EPMA). 

3. Results and discussion

Particle size analysis results of ball-milled powders with 
the addition of 1 wt% stearic acid and ethanol are shown in 
Fig. 2(a) and (b), respectively. It can be seen that the ball-milled 
powders with the addition of stearic acid exhibited smaller par-
ticle size and more uniform distribution of particle size than that 
with ethanol. The measured mean size and carbon content in 
the powder mixtures are given in Table 1. In case of milling in 
stearic acid as a PCA, the mean particle size and carbon content 
were 13.2 μm and 0.11 wt%, while the powder mixture milled 
in ethanol showed the value of 27.6 μm and 0.02 wt%. These 
results indicated that the use of stearic acid can significantly 
decrease the particle size by the rapid fracturing of cold-welded 
powders and effective reduction of fresh surface contacting [10].

Fig. 2. Particle size distribution of the ball-milled powders with 1 wt% 
of (a) stearic acid and (b) ethanol as PCA

TABLE 1

Particle size distribution and carbon content of ball-milled powders 
by using different PCAs

PCA Mean particle size 
(μm)

Carbon content 
(wt%)

Stearic acid 13.2±10.4 0.11
Ethanol 27.6±28.4 0.02

The distribution of alloy elements in the ball-milled pow-
der mixtures is characterized by SEM and EPMA mapping. As 
clearly seen in Fig. 3(a) and (b), although the size of ball-milled 
powders with stearic acid was small, it represented a more uni-

Fig. 3. SEM images and related EPMA maps of ball-milled alloy powders with (a) stearic acid and (b) ethanol
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form distribution of main elements in the powder prepared by 
ethanol as PCA. The reason for the different effect of stearic acid 
and ethanol on ball-milled powders is not fully understood yet. 
But possible mechanisms are proposed in the literatures [11,12] 
that the change of particle size and distribution of alloy elements 
with different types of PCA is attributable to the different melting 
point and molecule size of PCA.

Fig. 4 shows the XRD profiles of the Ni-based ODS super-
alloy powders at different stages of processing. The ball-milled 
powder for 5 h shows the peaks of all major alloying elements 
such as Ni, Cr, Al and W as well as Al2O3 as minor oxidized 
phase. After spark plasma sintering at 1000oC, the XRD of the 
sintered specimen includes the sharp double-peaks of solid solu-
tion γ phase and precipitate phase γ', which are very close to each 
other [13,14]. These results indicate that there was insufficient 
mechanical alloying effect in the ball milling for 5 h, but the γ 
and γ' phases in the sintered specimen could be formed by heat 
treatment at 1000oC.

Fig. 4. XRD patterns of the Ni-based ODS superalloys at different 
stages of processing; (a) ball milling for 10 h and (b) spark plasma 
sintering at 1000oC

Fig. 5 shows the microstructures for Ni-based ODS su-
peralloys that sintered using different PCAs. In the specimen 

ball-milled using stearic acid (Fig. 5a), inhomogeneous and 
large phases were observed. Conversely, Ni-based superalloy 
using ethanol (Fig. 5b) exhibited a homogeneous microstructure 
with fine precipitates at the grain boundaries. Considering that 
more uniform distribution of main elements was observed in the 
powder mixture ball-milled with ethanol, as shown in Fig. 3, 
these microstructural characteristics can be explained by the PCA 
effect including residual carbon content. These results indicated 
that the PCA strongly influenced the final microstructure of the 
sintered composites, and thus the Ni-based ODS superalloys 
with sound microstructure can be fabricated by using ball-milled 
powders with ethanol, more effectively.

4. Conclusions

The Ni-based ODS superalloys were fabricated from high-
energy ball milling and spark plasma sintering process. Starting 
elemental powders were initially mixed in a tubular mixer and 
ball-milled with different PCA types of stearic acid and ethanol. 
The ball-milled powders for 5 h with ethanol showed low carbon 
content and more uniform distribution of main elements com-
pared with the powders prepared by stearic acid. XRD analysis 
for the sintered specimen showed the peaks of solid solution γ 
and precipitate γ' phases. SEM observation revealed that the 
sintered alloy prepared by stearic acid exhibited inhomogeneous 
microstructure with large phases, while that prepared by ethanol 
showed a homogeneous microstructure with fine precipitates at 
the grain boundaries. Microstructure evolution of powder and 
sintered alloy has been discussed on the basis of mechanical al-
loying mechanism of powder mixtures with the different melting 
point and molecule size of PCA.
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Fig. 5. SEM images (BSE mode) of the microstructure after spark plasma sintering of ball-milled powders with (a) stearic acid and (b) ethanol
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