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Abstract We show that bulk nanocrystalline Ni4Mo can be

synthesized by doping with small but critical concentrations

of Y. Two alloys are included in the study with composi-

tions of Ni4Mo and Ni4Mo ? 0.01 wt% Y. Microstructural

features derived from transmission electron microscopy

observations are correlated with room-temperature tensile

properties. Yttrium-doped Ni4Mo is found to have room-

temperature yield strength in excess of 800 MPa and tensile

elongation to failure of about 40% while simultaneously

retaining other useful physical and chemical properties of

intermetallic compounds. Twinning rather than slip is found

to be the predominant deformation mechanism, which is

correlated with the superlattice structure of Ni4Mo. Since

deformation by twinning is polarized, this is expected to

enhance the fatigue life.

Introduction

Nanocrystalline materials with ultrahigh strength and high

ductility offer a huge potential for high performance struc-

tural applications. Although a considerable progress has

been made toward fabricating these materials by severe

plastic deformation [1–3], the relatively low ductility par-

ticularly at ambient temperatures remains to be an important

issue [4–6] analogous to intermetallic compounds [7].

However, in recent years, the number of intermetallic

compounds discovered to have relatively high ductility

continues to increase [8–11]. Therefore, intermetallic com-

pounds are expected to have an important share of future

generations of structural materials.

Recently, we have shown that nanocrystalline superlat-

tice of Ni2(Mo,Cr) can be synthesized with ultrahigh

strength and high ductility [8, 9]. Although Ni2Mo is

thermodynamically metastable in the Ni–Mo system [12],

we have found that it can be stabilized by critical additions

of Cr depending upon the exact Mo content [13]. Also, we

have shown that the small but critical additions of Y can

improve the thermal stability characteristics of ordered

Ni–Mo alloys [14]. The objective of this paper is to show

that bulk nanocrystalline Ni4Mo with potentially useful

combination of properties can be synthesized by doping

with small but critical concentrations of Y.

Experimental procedure

The two alloys included in the study have chemical com-

positions in weight percentage of Ni–29.05Mo (Ni4Mo)

and Ni–29.12Mo ? 0.01Y (Ni4Mo ? Y). Both alloys were

processed by vacuum melting, hot rolling, and cold rolling

into sheets about 3 mm in thickness. Test samples were

fully recrystallized by an annealing heat treatment at

1065 �C followed by water quenching. It is known that

below about 870 �C, the parent disordered face-centered

cubic lattice (fcc) of Ni4Mo transforms into the body-

centered tetragonal D1a superlattice, e.g., Ref. [15]. Ther-

mal aging of annealed samples was carried out for up to

1000 h at 700 �C where ordering is found to occur most

rapidly. Tensile tests were carried out at room temperature
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on standard samples with a gage length of 50.8 mm. Both

the linear coefficient of thermal expansion and corrosion

rate in boiling 20% hydrochloric acid were measured in the

disordered and fully ordered conditions. Transmission

electron microscopy was used to characterize the micro-

structure. All crystallographic notations are given in terms

of the parent fcc lattice.

Experimental results and discussion

On the scale of light optical metallography, the two alloys

are observed to consist of equiaxed grains with high density

of annealing twins suggesting relatively low stacking fault

energy as shown in Fig. 1a. However, on the finer scale of

transmission electron microscopy, some of the {111}

annealing twins observed in Fig. 1a, are found to be subdi-

vided into smaller coherent twins with a nanoscale width as

illustrated in Fig. 1b. It is shown later that long-range

ordering divides each grain shown in Fig. 1a into an

aggregate of f nanoscale particles. Since Mo is known to

reduce the stacking fault energy of Ni [15, 16], this could

enhance the tendency for twinning. As shown later, most of

the twinning systems in the fcc lattice are preserved in the

D1a superlattice and therefore, the nanoscale twins observed

in Fig. 1b are expected to act as source of strengthening. As

expected, both alloys are observed to contain short-range

order indicated by the appearance of diffuse intensity max-

ima at h1 1/2 0i and all equivalent positions as shown in the

h001i diffraction pattern of Fig. 1c. A corresponding high-

resolution TEM image is shown in Fig. 1d, which can be

interpreted in terms of subunit cell clusters of the crystal-

lographically related D1a (Ni4Mo), DO22 (Ni3MO), and

Pt2Mo-type (Ni2Mo) superlattices using a multi-slice

image simulation model [17]. This is consistent with the

finding that the three superlattices have similar ground-state

energy [18]. The relative stability of each superlattice is

dependent upon the exact chemical composition as pointed

out earlier.

Comparative true stress–strain diagrams derived at room

temperature are shown in Fig. 2. In the fully ordered

condition, the 0.2% yield strength of both alloys is nearly

doubled relative to the as-quenched condition (short-range

ordered). However, the undoped Ni4Mo is observed to

have less than 5% tensile elongation to failure, while the

Y-doped Ni4Mo is able to maintain about 40% elongation.

Also, the Y-doped alloy exhibits lower strain hardening

rate in comparison with the as-quenched condition, which

Fig. 1 Characteristic

microstructural features of

Ni4Mo alloy in the as-quenched

condition. a Optical micrograph

of the grain structure. b Bright-

field TEM image of nanoscale

twins and corresponding h110i
twin diffraction pattern. c h001i
diffraction pattern showing

short-range order reflections at

h1 1/2 0i positions.

d Corresponding high-

resolution TEM image
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could be related to the deformation mechanism as shown

later.

Figure 3a shows the effect of thermal aging time up to

1000 h at 700 �C on the room-temperature 0.2% yield

strength. It is observed that the undoped and doped Ni4Mo

exhibit similar behavior in that the yield strength is almost

doubled relative to the as-quenched condition within the

first 15 min of thermal aging reaching a value of about

850 MPa and then remains essentially unchanged with

continued aging. However, the undoped alloy suffers an

almost complete loss of ductility, while the doped alloy

retains about 70% of the initial ductility corresponding to

about 40% tensile elongation to failure as illustrated in

Fig. 3b. The above observed differences in tensile prop-

erties are interpreted in terms of variation in the micro-

structure and deformation mechanism as explained below.

In the ordered state, both the doped and undoped alloys

were almost fully ordered after 15 min of thermal aging at

700 �C with a volume fraction of Ni4Mo exceeding 95% as

determined in an earlier study by X-ray diffraction analysis

[19]. The crystallographic relationship between the parent

fcc lattice and D1a superlattice of Ni4Mo is shown in Fig. 4a

as viewed along h001i direction. Only minor atoms rear-

rangement is involved in the fcc ? D1a transformation

resulting in the sequence of Mo/Ni/Ni/Ni/Ni/Mo/… on

{420} planes and corresponding six crystallographically

equivalent variants. This has an important implication on

the deformation mechanism in the fully ordered state as

shown later. During the early stages of thermal aging,

nanoscale aligned arrays of ordered particles are observed

in both the undoped and doped alloys as shown in the

example of Fig. 4b. However, a considerable coarsening of

Ni4Mo occurs in the undoped alloy resulting in large

platelets in the matrix and lamellar structure at the grain

boundaries as shown in Fig. 4c. This behavior is known to

occur in other alloy systems such as the Ni–V and Ni–Fe

and is attributed to self-generated or strain-induced recrys-

tallization to minimize the strain energy associated with the

disorder-order transformation [20, 21]. The grain boundary

structure shown in Fig. 4c is typical of a discontinuous

ordering reaction generating alternating lamellae of Ni4Mo

(dark contrast) and Mo-depleted solid-solution (bright

contrast). It is believed that because of the relatively low

diffusivity of Mo, the localized solid-solution phase may

exist in a state of metastable equilibrium for extended

periods of time. This behavior could lead to highly localized

deformation by slip within the Mo-depleted ‘‘soft’’ zones

alongside grain boundaries explaining, at least partially, the

observed loss of ductility. However, the doped alloy is

found to exhibit a different behavior in that coarsening of

Ni4Mo particles and the grain boundary reaction are sup-

pressed for at least 1000 h of aging maintaining a nano-

scale structure as demonstrated in the dark-field image of

Fig. 4d and e, respectively. Figure 4d is a dark-field image

showing nanoparticles corresponding to one of the six
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crystallographically equivalent variants of the ordered

phase. A low-magnification bright-field image is shown in

Fig. 4e to illustrate the absence of the discontinuous

ordering reaction at the original grain boundaries of the

parent fcc phase. As can be seen, ordering occurred up to

the original grain boundaries and each grain is divided into

an aggregate of nanoscale ordered particles as exemplified

in the dark-field image of Fig. 4e.

Although B is also found to improve the ductility of

ordered Ni4Mo alloys [22, 23], the microstructures of the

Y-doped alloy is found to be similar to that of the B-doped

alloy. However, the Y-doped alloy is found to have improved

Fig. 4 Characteristic

microstructural features of

undoped and doped Ni4Mo.

a Crystallographic relationship

between the parent fcc lattice

(solid lines) and D1a

superlattice (dotted lines) as

viewed along the h001i
direction (large circles
represent Mo atoms and small
circles represent Ni atoms;

black circles: atoms at levels 0

and 1, white circles: atoms at

level 1/2). b Bright-field TEM

image of nanoparticles of

Ni4Mo after 5 min at 700 �C

(no difference between undoped

and doped alloys), the inset is

h001i diffraction pattern

showing D1a superlattice

reflections. c Bright-field TEM

image of large platelets on

Ni4Mo in the matrix of the

undoped alloy after 1440 min at

700 �C; the inset shows the

lamellar structure at a grain

boundary. d Dark-field TEM

image formed with a

superlattice reflection in the

inset showing one variant of

nanoparticles of Ni4Mo in the

doped alloy after 1440 min at

700 �C. e Bright-field TEM

image showing the absence of

lamellar structure at original

grain boundaries
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thermal stability characteristics in that the desirable nano-

scale ordered microstructure is maintained for longer

exposure time at 700 �C (Fig. 3). In an earlier study of the

undoped alloy and prior to the onset of the grain boundary

reaction, e.g., 15 min of aging at 700 �C (see Fig. 3); a low

strain hardening rate very similar to that of Fig. 2 was

observed [24]. This indicated that this behavior is indepen-

dent of doping but rather dependent upon the effect of

ordering on the deformation mechanism demonstrated

below.

Consistent with the deformation behavior of an fcc

material having relatively low-stacking fault energy, the

substructure is observed to contain slip lines with little

tendency for cross slip as well as separated partial dislo-

cations in the short-range ordered state (as-quenched) as

shown in the example of Fig. 5a. However, in the long-

range ordered state, deformation is found to predominantly

occur by twinning on the {111} planes of the parent fcc

lattice as demonstrated in Fig. 5b, which could explain the

lower strain hardening rate relative to the short-range

ordered condition (Fig. 2). Also, twinning is found to

preserve ordering as demonstrated in Fig. 5c and therefore,

it becomes an energetically favorable deformation mech-

anism in the long-range ordered state. This could be

understood in terms of the crystallographic features of

the D1a superlattice as shown in Fig. 5d. Although all the

{111} h110i slip systems are suppressed, eight of the

respective 12 twinning systems {111} h112i remain ener-

getically favorable.

Although the exact mechanism responsible for the

beneficial effect of Y remains to be established, it is

believed to be related, at least partially, to its tendency to

segregate at grain boundaries. Other useful intermetallic

properties retained in the doped Ni4Mo alloy are described

below.

A low coefficient of thermal expansion is important in

many applications requiring closer dimensional tolerance.

Although doping with yttrium is found to have no mea-

surable effect, a lower coefficient is observed in the ordered

state as illustrated in Fig. 6a as expected of an ordered

structure. For comparative purposes, Fig. 6a also shows the

value corresponding to the nickel steel or Invar well known

for it very low coefficient of thermal expansion.

Ni–Mo alloys containing more than 15 wt% Mo are

known for their high corrosion resistance in reducing media

particularly hydrochloric acid [25]. Figure 6b shows com-

parative corrosion rates in boiling 20% HCl. As can be

seen, the Y-doped Ni4Mo has a slightly higher corrosion

rate in comparison with the short-range ordered condition

(as-quenched). However, the rate remains well within the

acceptable level (0.1–1.3 mm/year) [24]. It is to be noted

that although the high volume fraction of boundaries/

Fig. 5 Comparative deformation behavior: a Bright-field TEM image

showing tensile deformation substructure in the short-range ordered

condition (as-quenched) corresponding to 0.05 strain; the inset shows

separated partial dislocations. b Bright-field TEM image and

corresponding h110i diffraction pattern showing {111} deformation

twins corresponding to 0.15 strain in the doped alloy (aged 1440 min

at 700 �C). c Dark-field TEM image showing ordered particles within

the deformation twins. d A schematic illustration of the atoms

arrangement on a {111} plane showing the slip and twin systems in

the D1a superlattice
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interfaces in the nanocrystalline superlattice is expected to

increase the corrosion rate, at least some of this could be

offset by the atomic order. The rather high corrosion rate of

the undoped Ni4Mo (about 4.6 mm/year) could be attributed

to the presence of localized Mo-depleted zones alongside the

grain boundaries resulting from the discontinuous reaction

as described earlier.

Conclusion

It is concluded from this study that nanocrysalline Ni4Mo

alloy with ultrahigh strength and high ductility can be

synthesized by small but critical additions of Y and simul-

taneously retaining other useful physical and chemical

properties of intermetallic compounds. Transformation into

the D1a superlattice of Ni4Mo is found to favor twinning

rather than slip as the predominant deformation mechanism.
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