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Mechanical Alloying of Dispersion-Hardened 
NizAI-B from Elemental Powder Mixtures 

E.H. Yoon, J.K. Hong, and S.K. Hwang 

Mechanical alloying and hot extrusion were studied as a means to dispersion harden an intermetallic 
compound based on Ni3AI-B from elemental powder mixture. The oxide used for the dispersoids was par- 
tially stabilized zirconia. During mechanical alloying the microstructure evolved according to the char- 
acteristic stages found in other mechanical alloying systems. Completion of the alloying reaction 
required 16 h, beyond which loss of the crystalline property set in. Experimental observation of the grain 
refinement during mechanical alloying agreed with a prediction based on an existing model. Compared 
to V-cone mixing, the mechanical alloying produced a homogeneous distribution of fine dispersoids. The 
refined grain structure and dispersoids resulted in a high tensile yield strength over a wide range of tem- 
peratures. 
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1. Introduction 

INTERMETALLIC COMPOUNDS based on Ni3A1 have attrac- 
tive high-temperature mechanical properties, such as high spe- 
cific strength and good oxidation and creep resistance (Ref 1, 
2). By adding boron to the composition, Aoki and Izumi (Ref 3, 
4) enhanced the tensile ductility remarkably. Recently, various 
processing techniques, including powder metallurgical meth- 
ods, have been under evaluation in attempts to synthesize the 
alloy for successful practical application (Ref 5-9). We re- 
ported that a direct extrusion method starting from a mixture of  
elemental powders produced a high strength and tensile ductil- 
ity in this alloy (Ref 10). To enhance the tensile strength and the 
creep resistance of  the alloy further, dispersion hardening the 
compound with ZrO 2 was also tried (Ref 11). However, the zir- 
conia powder particles coagulated during mixing and caused 
an inhomogeneous distribution after the powder extrusion (Ref 
12). The present work was undertaken to solve this problem. 
This paper focuses on the effect of  mechanical alloying tech- 
nique (Ref 13-17) in achieving a dispersion hardening in 
Ni3AI-B alloy processed from elemental powder mixtures. 
Two objectives were set for the present research: to confirm the 
feasibility of  homogeneous alloying and to enhance the yield 
strength by controlling phase constitution and microstructure. 

2. Experimental Procedure 

The chemical composition of  the experimental alloy con- 
sisted of Ni3A1 with a slightly higher content of  nickel than 
stoichiometry, boron, and partially stabilized zirconia (PSZ) 
with 3 tool% Y203 . Nickel, aluminum, and all the alloying ad- 
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ditives were mixed from elemental powders. Table 1 shows the 
chemical composition of the alloy and the characteristics of the 
powders used in this study. 

Table 1 Nominal composit ions of  the experimental  alloys 

Composition, wt % (a) 
Alloy Ni AI B PSZ(b) 

Ni3AI 87.4 12.60 ... 
Ni3A1-B 87.3 12.60 01"10 ... 
Ni3AI-B-PSZ 85.0 12.35 0.15 2.5 

(a) Mean particle size, I.tm: Ni, 4.5; AI, 5; B, 1 ; PSZ, 0.3. (b) Partially sta- 
bilized zirconia, ZrO 2 + 3 mol% Y203 
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For mechanical alloying, an attritor with vertical rotating 
shaft was used. The inner volume of the milling jar and the di- 
ameter of the ball were 0.75 L and 4.8 mm, respectively. The 

weight ratio of the elemental powder mixture to balls was 1:35. 
The mechanical milling was done in an argon atmosphere at a 
rotating speed of 300 rpm, and the milling time was varied 

Fig. 2 Scanning electron micrographs of Ni3AI that was mechanically alloyed from elemental powders for various amounts of milling 
time. (a) 0 min. (b) 40 min. (c) 6 h. (d) 16 h 

Fig. 3 Optical micrographs of Ni3AI that was mechanically alloyed from elemental powders milled for (a) 2 h or (b) 4 h 
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from 10 min to 24 h. Another  mixing method, V-cone mix- 
ing, consisted of  40 min of  tumbling at 50 rpm in a 2 L con- 
tainer. 

Hot extrusion was used to consolidate the elemental mix- 
tures made by either the attritor or the V-cone mixer. The pow- 
der mixtures, canned in a mild steel cylinder, underwent 
compaction at 300 MPa and degassing treatment at 450 ~ un- 
der 0.1 Pa. Then the cans were extruded at 1000 ~ with a re- 
duction ratio of  18:1. Figure 1 illustrates the flow of  the 
experimental procedure. 

Using the x-ray diffraction technique, we analyzed the lat- 
tice parameter variation using Cohen 's  method (Ref 18). The 
exothermic heat of  reactive sintering with differential thermal 
analysis (DTA) was also measured. Tensile properties of  the 
experimental alloys were measured at various temperatures, up 
to 800 ~ with a strain rate of 2 • 10 -3 s -1. Tensile specimens 
had a gage length and gage diameter of 16 mm and 4 mm, re- 
spectively. 

3. Results 

shown in Fig. 3(b). Due to the random coll isions,  the lamellar  
structure changed with time from a regular  layer to a spherical 
shape. 

With increased milling time the particles showed a mixed 
morphology of platelets and spheres of  about 120 lam in size. 
Figures 2(c) and (d) show the particle shapes at 6 and 16 h, re- 
spectively. The particle size did not change up to 10 h, but after 
that it decreased due to particle fracture. At 16 h the particles 
showed a uniform spherical size of  about 60 Hm, as shown in 
Fig. 2(d). This stage was followed by a steady state up to 24 h, 
during which time the particle size remained constant and the 
fine lamellar structure became obliterated. During the steady- 
state period, the collision-welding process of  particles ap- 
peared to balance the fracturing process. 

Microhardness of individual al loyed powder particles var- 
ied with milling time, as shown in Fig. 4. The hardness in- 
creased from 250 to 700 H v as the milling time reached 10 h, 
after which it remained constant. This is presumably due to the 
onset of a dynamic recovery promoted by the plastic energy ac- 
cumulated during milling. 

3.1 Mechanical Alloying 

The morphology of  the powder particles changed with mill- 
ing time, as shown in Fig. 2. Elemental powder particles with 
the mean size of 4.75 [.tm became thin platelets at 40 min. 
During the initial period of  mill ing,  a large compressive 
stress at the interface of  the balls and powder caused a rapid 
coarsening of  powders.  A lamel lar  structure appeared sub- 
sequently. 

The lamellar structure became most apparent between 2 and 
4 h, as shown in Fig. 3(a). Successive collisions and weldings 
during this period resulted in platelets of 100 [tm in average 
thickness. The inter lamellar  spacing decreased and the ori- 
entation o f  the lamellae became randomized with time, as 
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Fig. 4 Microhardness as a function of milling time of Ni3Al 
that was mechanically alloyed from elemental powders 
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Fig. 5 X-ray diffraction patterns of Ni3A1 that was mechani- 
cally alloyed from elemental powders milled for various 
amounts of time 
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Figure 5 shows x-ray diffraction spectra of  samples ob- 
tained after various milling times. As the milling time in- 
creased, the peak intensity generally decreased, whereas the 
peak width increased due to plastic deformation. The ratio 
IA/1Ni, where I is intensity, decreased with milling time be- 
cause aluminum dissolved in nickel. A Ni3AI peak appeared 
first in the specimen milled for 6 h. Completion of  the alloying 
reaction required 16 h, beyond which the alloy started to lose 
crystallinity and became increasingly amorphous. 

The lattice parameters of  the crystalline phases also 
changed with milling time, as shown in Fig. 6, but the trend var- 
ied with the element: The lattice parameter of  nickel increased 
with time while that of aluminum showed a reverse trend. The 
lattice parameter of  Ni3A1 increased with milling time, reach- 
ing 3.570 A. at 10 h. A further increase of the lattice parameter 
during prolonged milling, 3.585 A, at 24 h, coincided with the 
appearance of the amorphous state. 

The DTA results presented in Fig. 7 confirms the progres- 
sive alloying of Ni3AI during mechanical milling, as found 
from the microstructure and the lattice parameter. The amount 
of  heat evolving from the exothermic reaction varied with mill- 
ing time, reaching a maximum at 1 h and gradually decreasing 
with further milling. From 16 h on, no peak was discernible in 

Table 2 Mierohardness of hot extruded Ni3AI-B system 
alloys 

Grain size, H v, 
Alloy Process(a) ~tm kg/mm 2 

Ni3AI-B VM + HE 7 422 
Ni3AI-B-PSZ VM + HE 6 474 

MA + HE 2 662 

(a) VM, V-cone mixing; MA, mechanical alloying; HE, hot extrusion 
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Fig. 6 Lattice parameters as a function of milling time for 
nickel, aluminum, and Ni3A1 powders 
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the DTA curve. The reduced heat evolution indicates that the 
amount of liquid phase required for Ni3AI formation de- 
creased. 

Figure 7 also shows that the temperature corresponding to 
the main exothermic reaction decreased with milling time. This 
is because the driving force for the alloying reaction increases 
with time. Microstructural evolution such as the lamellar struc- 
ture refinement or defects introduced during milling promote 
solid-state diffusion between elemental powder particles. Con- 
sequently, the exothermic reaction among powder particles in 
the mixture occurred at a temperature lower than the lowest eu- 
tectic temperature in the Ni-AI system, 640 ~ 

3.2 Hot Extrusion 

Hot extrusion of either V-cone-mixed or mechanically al- 
loyed powder resulted in a high microhardness, the effect being 
particularly significant in the latter. The effect of PSZ addition 
was also conspicuous in mechanically alloyed powder. While 
the microhardness increment due to PSZ addition was 10% for 
V-cone-mixed alloy, it was 40% for the mechanically milled al- 
loy. Table 2 shows the grain size and the microhardness of  ex- 
perimental alloys prepared by various processing methods. 
There are several reasons for the pronounced hardening in the 
mechanically alloyed and hot extruded PSZ-containing alloy: 
grain refinement (down to 2 pro), uniform distribution of  the 
dispersoids, and work hardening. 
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Fig. 7 Differential thermal analysis scan of Ni3AI that was me- 
chanically alloyed from elemental powders milled for various 
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Microstructural evidence for the heterogeneous distribution 
of PSZ in the V-cone-mixed and hot extruded alloy is shown in 
Fig. 8. PSZ powder of 0.3 lam in average size before mixing 
grew to 60 to 70 lain by agglomeration during mixing. This phe- 
nomenon was not observed in the mechanically alloyed mate- 
rial. 

The microstructural characteristics shown in Table 2 and 
Fig. 8 explain the difference in the tensile properties of  experi- 
mental alloys, as listed in Table 3. V-cone mixing treatment 
rendered good tensile ductility in PSZ-free alloy. However, for 
the PSZ-containing alloy, V-cone mixing resulted in a low 
yield strength due to premature cracking. In contrast, the me- 
chanical alloying treatment of the same alloy enhanced the 
yield strength to 1640 MPa, which is greater than what Benn et 
al. (Ref 14) reported for Ni3A1-AI20 3 alloy. As mentioned 
above, the coarse PSZ part icles that agglomerated during 
mixing remained after hot extrusion and which acted as vul- 
nerable sites for crack initiation and propagation. 

The characteristics of  the tensile properties at room tem- 
perature were reproduced at elevated temperature. Figure 9 
shows the yield strength of variously processed alloys as a 

function of  temperature. Below 800 ~ V-cone mixing was a 
favorable treatment for the PSZ-free alloy, whereas it was inef- 
fective for the PSZ-containing alloy. Mechanical alloying, 
however, produced a remarkably high yield strength in the 
PSZ-containing alloy at high temperature, up to 400 ~ It is 
noted in Fig. 9 that the anomalous yielding feature disappeared 
in this alloy. Above 400 ~ the yield strength decreased rap- 
idly with temperature like other mechanically alloyed Ni3AI, as 
reported by Benn and Hiroki (Ref 14, 19). This is presumably 
due to the fine grain size and dispersion hardening. 

The beneficial effect of mechanical alloying on the yield 
strength appeared as detrimental to the tensile ductility. Figure 
10 shows the variation of the tensile elongation with tempera- 
ture. While V-cone mixing produced as high as a 13% tensile 
elongation in the extruded condition, mechanical alloying re- 
duced the tensile ductility. This is in part due to oxidation dur- 

Table 3 Room-temperature tensile properties of  
hot-extruded and dispersion-strengthened Ni3AI-B alloys 

Yield Ultimate tensile Elongation, 
Alloy Process(a) strength, MPa strength, MPa % 

N13AI-B VM + HE 840 1393 41 
NI3A1-B-PSZ VM + HE 796 987 13 

MA + HE 1636 1655 1 

(a) VM. V-cone mixing: MA, mechamcal alloying; HE, hot extrusion 

Fig. 8 Scanning electron fractographs of tensile-tested Ni3AI- 
B-PSZ alloys made from elemental powders. (a) V-cone mixed 
and hot extruded. (b) Mechanically alloyed and hot extruded 

Fig. 9 Yield strength of dispersion-strengthened and hot-ex- 
truded experimental NI3A1-B alloys as a function of tempera- 
ture. MA, mechanical alloying; VM, V-cone mixing; HE, hot ex- 
trusion; VHP, vacuum hot pressing 
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ing mechanical alloying. Above 800 ~ the tensile ductility 
improved significantly, presumably aided by boundary sliding 
of  the fine grains. 

4. Discussion 

Because there is a chance of  amorphization during milling, 
it is important to evaluate the optimum time for mechanical al- 
loying. According to Benjamin (Ref 17), the rate of energy in- 
put during mechanical milling is constant, but that for the 
deforming particles is proportional to the hardness of  the parti- 
cles. Therefore: 

d E  
= K l 

d E  
- - =  K 2 H  v (Eq 1) 
dE 

where E is energy, K 1 and K 2 are constants, H v is the Vickers 
microhardness, t is the milling time, and e is the true strain. 
From the two equations above, the strain E can be obtained as a 
function of  time. The time dependence o f H  v was obtained from 
the experimental result, as shown in Fig. 4, as follows: 

H v = 230 + 0.937t (Eq 2) 

Therefore the time dependence of  E is: 

e = 3.34 In (1 + 0.0041t) for (10 min < t < 600 min) (Eq 3) 
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Fig. 10 Tensile elongation of dispersion-strengthened and hot- 
extruded experimental Ni3Al-B alloys as a function of tempera- 
ture. MA, mechanical alloying; VM, V-cone mixing; HE, hot ex- 
trusion 

The integration constants were obtained from the experimen- 
tally observed lamellar thickness of  4.75 and 1.25 lam for t = 0 
and t = 120 min, respectively. Figure 11 shows that the calcu- 
lated lamellar thickness as a function of time agrees well with 
the experimental values. The thickness rapidly decreased with 
time up to 10 h, then reached a steady state at 16 h, which sub- 
stantiates the conclusion obtained from the x-ray diffraction re- 
suit. 

In a previous work (Ref 20), the present authors suggested a 
Hall-Petch relationship for the extruded alloy containing PSZ 
as follows: 

Sy : t~ 0 + kyd -~ ~ o5 (Eq 4) 

where the units of o and d are MPa and lam, respectively, and 
the values of the constants a 0 and ky are about 420 MPa and 
2000 MPa.  lam ~ respectively. This relationship also ac- 
counted for the behavior of  the present mechanically alloyed 
and hot-extruded alloy. V-cone-mixed and hot-extruded al- 
loys, however, showed a lower yield strength than the predic- 
tion because of the heterogeneous distribution of  PSZ. 

5. Conclusion 

The present work showed that fine PSZ is a potential candi- 
date material for dispersion hardening of  intermetallic com- 
pound based on Ni3AI-B. A processing route that consisted of  
mechanical alloying and hot extrusion of  elemental powder 
mixture was proposed. Aided by fine dispersoids, the mechani- 
cally alloyed Ni3A1-B from elemental powder mixture contain- 
ing PSZ showed a remarkably high yield strength in 

3 . 0  

E 2 . 5  
:3. 

m 2 . 0  
Z 

~- 1.5 

< 
. J  

.';'I, 1.0 

< 
- J  

0 . 5  

0 
0 

Fig. 11 

I I I I I 

~ !  [] Calculated Data 

sured Data 

2 4 6 8 10 
M I L L I N G  T I M E ,  hr 

Variation of the lamellar thickness as a function of 
time of Ni3A1 particles made by mechanical alloying of elemen- 
tal powders 

Journal of Materials Engineering and Performance Volume 6( 1 ) February 1997--111 



hot-extruded condition, although this was accompanied by a 
reduction in tensile ductility. 
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