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Abstract

The sintered density of molybdenum can be significantly improved through the addition of a small amount of nickel. However,

such addition impairs the ductility due to the formation of a NiMo intermetallic compound at the grain boundaries. This makes the

plastic deformation process, such as rolling, drawing, and forging, impossible. This study shows that when copper is added, the sin-

tered density can be further increased, but, not the ductility. This ductility problem of the Mo–Ni–Cu system can be improved when

a small amount of iron is added and when the total amount of the alloying Ni, Cu, and Fe is over 6wt%, such as in the Mo–4Ni–

1Cu–1Fe system. Such improvement is attributed to the elimination of the brittle NiMo compounds in the matrix.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Small additions of VIIIB transition metals, such as

Ni, have been shown to effectively lower the sintering

temperature of molybdenum from about 1750 to 1300

�C [1–4]. Such activation-sintered molybdenum, how-

ever, has no ductility at all and cannot sustain any

deformation processing, such as rolling, forging, and

drawing [5–7]. Thus, it has little applications for struc-
tural parts. Several postulations have been reported to

explain the cause of the embrittlement, including grain

coarsening [6], weak cohesion of grain boundaries due

to the segregation of activators [7,8], and the formation

of intermetallic compounds at grain boundaries [9–12].

According to the Mo–Ni binary phase diagram [13],

there are three intermetallic compounds, NiMo, Ni4Mo
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and Ni3Mo, present at temperatures below 870 �C, in
addition to two terminal solid solution phases. Although

Ni has a maximum solubility of about 1.9 at% in Mo at

1362 �C, it is almost insoluble in Mo at the room tem-

perature. Thus, it is very likely that one of the three

intermetallic compounds forms during cooling in the

Ni-added Mo compact. A more recent study from this

laboratory has identified the cause of the embrittlement

[14]. Through the use of a field emission gun transmis-
sion electron microscope (FETEM) and an Auger spec-

trometer, it was found that NiMo intermetallic

compound layers, about 2 nm think, were present at

grain boundaries. This result shows that the intrinsic

brittleness of the compound and the mismatch of the

thermal expansion coefficients are the main origins of

the poor ductility. Thus, to improve the ductility, the

formation of the NiMo compound layer at grain bound-
aries must be impeded or the intrinsic properties of this

layer must be improved. This study investigates the

effects of adding copper and iron into the nickel-added
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Table 1

Characteristics of the Mo, Ni, Cu, and Fe powders used in this study
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molybdenum compacts. Results on the ductility and

strength improvement are presented.

Mo Ni Cu Fe

Grade OMP901 Ni-123 Cu-635 CIP-R-1430

Supplier H.C. Starck INCO ACuPowder ISP

Particle size (laser scattering technique)

D10 1.0 lm 2.3 lm 8.0 lm 4.4 lm
D50 2.5 lm 3.6 lm 14.7 lm 6.6 lm
D90 5.8 lm 6.9 lm 26.2 lm 9.2 lm
Shape Irregular Spiky Spheroidal Spherical

Density

(pycnometer)

10.18 g/cm3 8.89 g/cm3 8.71 g/cm3 7. 82 g/cm3

Chemistry

C, % 0.0019 0.0808 0.2671 0.061

S, % 0.0013 0.0001 0.0023 0.001

O, % 0.9268 0.1955 0.4129 0.313

N, % 0.0088 0.0015 0.0092 0.002
2. Experimental procedure

Four metal powders, Mo, Ni, Cu, and Fe, were used

in this study. The morphologies and the characteristics

of these powders, including chemistry, are given in

Fig. 1 and Table 1, respectively. To prepare the green

compacts, molybdenum powders were mixed with differ-

ent amounts of Ni, Cu, Fe, Ni–Cu, Ni–Fe, or Ni–Cu–Fe

powders in a turbo-mixer for 1 h. The mixed powders

were compacted into rectangular bars of 40 · 15 · 4.3
mm at a pressure of 450 MPa. The compacts were sin-

tered at a rate of 10 �C /min to 1300 �C and held for 1

h in hydrogen. The sintering behavior was examined

using a thermal dilatometer (TMA 16/18, Setaram Co.,

Caluire, France).

To examine the ductility and transverse rupture

strength, specimens were fractured by the 4-point bend-

ing test; the sintered specimen of about 35 · 13 · 3.7 mm
was placed on two parallel rods 26 mm apart. The dis-

tance between the other two rods, which were on top

of the specimen, was 10 mm. The crosshead speed ap-

plied was 2.5 mm/min. An optical and a scanning elec-

tron microscope (SEM, XL30, Philips Co., Eindhoven,

Holland) were used to analyze the microstructure and

fracture surfaces. For chemical analysis, an electron

probe microanalyzer (EPMA, JXA-8600 SX, JEOL
Co, Tokyo, Japan) was used to measure the composition
Fig. 1. Morphologies of the powders used in this
of different phases. An X-ray diffractometer (PW1830,

Philips Co., Mahwah, NJ, USA) was also employed

for the phase identification.
3. Results and discussion

In the first part of the study, Ni, Fe, and Cu were

added to the molybdenum separately to check their indi-

vidual effects on the densification of Mo. The dilatome-

ter curves in Fig. 2 show that Ni was the best activator.
With the addition of 1.5%, the compact shrank by 12.4%
study: (a) Mo, (b) Ni, (c) Cu, and (d) Fe.
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Fig. 2. The effects of the addition of Ni, Cu, and Fe on the sintering

behavior of Mo compacts.
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Fig. 4. Comparison of the sintering behavior among Mo–1.5Ni, Mo–

1Ni–0.5Cu, Mo–1Ni–0.25Cu–0.25Fe, and Mo–4Ni–1Cu–1Fe com-

pacts: (a) shrinkage, (b) shrinkage rate.
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Fig. 3. Comparison of the sintering behavior among Mo compacts

with 1.5Ni, 1Ni–0.5Cu, and 1Ni–0.5Fe additions.
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at 1400 �C. Iron also provided some enhancement, with

7.6% shrinkage. But, the addition of 1.5%Cu did not af-

fect the sintering at all. The enhancement caused by the

1.5%Ni could be further improved when part of the

nickel was replaced with copper. The optimum Ni/Cu

ratio was found to be about two [11]. Fig. 3 shows that

the amount of shrinkage for such a ratio increased to

13.0%. The curve also indicates that its densification
started at a lower temperature than the Mo–1.5Ni com-

pact. The Mo–1.0Ni–0.5Fe compact, however, shows

little improvement.
Table 2

The comparison of density and bending strength of Mo compacts that contain

at 1300 �C for 1 h

Mo–1.5Ni Mo–1Ni–

Relative density, % 95.5 99.1

Bending strength, MPa 336 403
To examine whether the ductility of the Ni-doped Mo

was improved, rectangular bars with the addition of Ni–

Fe and Ni–Cu were sintered at 1300 �C for 1 h. Table 2

shows that the sintered densities of Mo–1Ni–0.5Fe, Mo–

1Ni–0.5Cu, Mo–4Ni–2Cu compacts were 96.1%, 99.1%,

and 99.5%, respectively, higher than the 95.5% of the
Mo–1.5Ni compact. Moreover, the bending strength

also increased to above 400 MPa, much higher than that

of the Mo–1.5Ni compact. However, no signs of ductil-

ity were noticed in any of these specimens. Further at-

tempts with Ni–Fe–Cu additives with 4:1:1 ratio were

also made. Fig. 4(a) and (b) compare, respectively, the

amounts of shrinkage and the shrinkage rates of Mo

compacts with 1.5Ni, 1Ni–0.5Cu, 1Ni–0.25Cu–0.25Fe,
1.5Ni, 1Ni–0.5Cu, 1Ni–0.5Fe, and 4Ni–2Cu additions and are sintered

0.5Cu Mo–1Ni–0.5Fe Mo–4Ni–2Cu

96.1 99.5

418 495



Fig. 7. The microstructure of Mo–4Ni–2Cu indicating that there are

light and dark phases in the liquid matrix.
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and 4Ni–1Cu–1Fe additions. It is illustrated that the

amount of shrinkage of Mo–1Ni–0.25Cu–0.25Fe at

1400 �C is the same as that of Mo–1Ni–0.5Cu, better

than that of the Mo–1.5Ni. With a higher amount of

the addition, Mo–4Ni–1Cu–1Fe shows further improve-

ment to 14.4% shrinkage after sintering at 1400 �C. The
shrinkage rate curves of the four specimens show that

there was an abrupt increase in each specimen between

1250 and 1300 �C. This indicates that liquid phase

formed during sintering.

To measure the ductility, rectangular Mo–Ni–Cu–Fe

compacts, with the Ni:Cu:Fe ratio kept at 4:1:1, were

sintered at 1300 �C for 1 h. Fig. 5 shows that the sintered

density increased as the amount of Ni–Fe–Cu additives
increased. All densities were higher than 99.1%. The

Mo–5Ni–1.25Cu–1.25Fe and Mo–6Ni–1.5Cu–1.5Fe

compacts even reached 99.9% density. The four-point

bend test results illustrate that Mo–1Ni–0.25Cu–

0.25Fe, Mo–2Ni–0.5Cu–0.5Fe, and Mo–3Ni–0.75Cu–

0.75Fe specimens all fractured in the brittle mode, with

498, 564, and 596 MPa bending strength, respectively.

The Mo–4Ni–1Cu–1Fe exhibited a much higher
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Fig. 5. The densities and bending strength of Mo–Ni–Cu–Fe compacts

sintered at 1300 �C for 1 h.

Fig. 6. The four-point bending tests showing that the fracturing of

compacts changed from the brittle type to the ductile type when the

amount of additives is over 6 wt%.
strength of 1222 MPa and some plastic deformation,

as shown in Fig. 6. The Mo–5Ni–1.25Cu–1.25Fe, and
Mo–6Ni–1.5Cu–1.5Fe showed even more severe defor-

mation, and thus no fracture strength could be

measured.

To understand the cause of the transformation from

brittle mode to ductile mode in the Mo–Ni–Cu–Fe sys-

tem, the microstructure and composition of the Mo–Ni–

Cu specimens were first examined. Fig. 7 shows a typical

microstructure of the Mo–4Ni–2Cu compact. Two dif-
ferent phases can be found in the matrix. The results

of the EPMA analysis, as shown in Table 3, indicate that

the dark phase consists mainly of Ni and Cu, while the

light phase consists mainly of Mo and Ni, with the Mo/

Ni ratio near to one. This suggests that the brittleness of

the Mo–Ni–Cu compacts is strongly related to the brit-

tle NiMo intermetallic compounds.

Since the addition of iron helps improve the ductility,
detailed analysis of the Mo–Ni–Cu–Fe specimens was

carried out. Fig. 8(a) through 8(f) show that all fracture

surfaces were mixtures of intergranular and transgranu-

lar types and that higher levels of addition led to greater

portions of the transgranular type. The brittle materials,

such as Mo–1Ni–0.25Cu–0.25Fe, exhibit predominant

molybdenum-matrix interfacial fracturing. In contrast,

the fracture surfaces of ductile materials, such as Mo–
Table 3

The composition of the liquid phases in Mo–1Ni–0.5Cu and Mo–4Ni–

2Cu compacts sintered at 1300 �C for 1 h

Mo (at%) Ni (at%) Cu (at%)

Light area

Mo–1.0Ni–0.5Cu 52.03 46.60 1.37

Mo–4.0Ni–2.0Cu 49.89 48.33 1.78

Dark area

Mo–1Ni–0.5Cu 1.90–25.06 23.90–32.33 50.84–65.77

Mo–4Ni–2Cu 1.81–15.97 27.23–38.71 56.81–62.16



Fig. 8. The fracture surfaces of (a) Mo–1Ni–0.25Cu–0.25Fe, (b) Mo–2Ni–0.5Cu–0.5Fe, (c) Mo–3Ni–0.75Cu–0.75Fe, (d) Mo–4Ni–1Cu–1Fe,

(e) Mo–5Ni–1.25Cu–1.25Fe, and (f) Mo–6Ni–1.5Cu–1.5Fe compacts sintered at 1300 �C for 1 h.
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5Ni–1.25Cu–1.25Fe, mainly consist of cleaved molybde-
num grains that are surrounded by ductile matrix,

failing like a knife-edge. The microstructures of these

specimens were also examined, and the chemical compo-

sitions at different phases were analyzed by EPMA. The

backscattered electron images in Fig. 9 indicates that,

regardless of the additive contents, the sintering was car-

ried out in liquid phase, consistent with the results of

previous dilatometer experiments shown in Fig. 4. The
microstructure also shows that some light phases were

present in the matrix, particularly in the three specimens

with less Ni, Cu, and Fe. As the amount of the additive

increased, the light phases begin to disappear, such as in

the Mo–4Ni–1Cu–1Fe compact.

The results of the EPMA analysis, as shown in Table

4, show that the composition of the light phase consists
mainly of Mo and Ni, with the ratio about 1. The total
contents of Cu and Fe were less than 7at%. In Fig. 9(c)

of the Mo–3Ni–0.75Cu–0.75Fe compact, the light phase

was too small for accurate composition measurements.

For dark liquid areas, the compositions of Mo–1Ni–

0.25Cu–0.25Fe and Mo–2Ni–0.5Fe–0.5Cu compacts

were enriched with Mo, Ni, and Cu, but not uniform.

In comparison, the compositions of the liquid phase in

the remaining four specimens were more uniform, at
about 61at%Ni, 14at%Mo, 14at%Cu, and 11at%Fe.

These compacts were also examined with an X-ray dif-

fractometer for phase identifications. Fig. 10 shows the

diffraction pattern of the Mo–4Ni–1Cu–1Fe compact.

Besides Mo peaks, two peaks are present on the lower

angle side of the (111) and (200) planes of pure nickel.

The lattice constants calculated from these two peaks



Fig. 9. The microstructures of (a) Mo–1Ni–0.25Cu–0.25Fe, (b) Mo–2Ni–0.5Cu–0.5Fe, (c) Mo–3Ni–0.75Cu–0.75Fe, (d) Mo–4Ni–1Cu–1Fe,

(e) Mo–5Ni–1.25Cu–1.25Fe, and (f) Mo–6Ni–1.5Cu–1.5Fe compacts sintered at 1300 �C for 1 h.

Table 4

The composition of the liquid phases in Mo–Ni–Cu–Fe compacts sintered at 1300 �C for 1 h

Mo (at%) Ni (at%) Cu (at%) Fe (at%)

Light area

Mo–1Ni–0.25Cu–0.25Fe 49.15 45.44 1.79 3.62

Mo–2Ni–0.5Cu–0.5Fe 50.22 43.35 2.44 3.99

Mo–3Ni–0.75Cu–0.75Fe – – – –

Mo–4Ni–1Cu–1Fe – – – –

Mo–5Ni–1.25Cu–1.25Fe – – – –

Mo–6Ni–1.5Cu–1.5Fe – – – –

Dark area

Mo–1Ni–0.25Cu–0.25Fe 10.45–24.89 35.47–52.69 21.34–55.24 3.15–5.36

Mo–2Ni–0.5Cu–0.5Fe 13.51–32.48 50.03–63.24 11.37–16.64 6.12–7.46

Mo–3Ni–0.75Cu–0.75Fe 13.26 61.29 15.17 10.28

Mo–4Ni–1Cu–1Fe 13.77 61.74 14.66 9.83

Mo–5Ni–1.25Cu–1.25Fe 14.10 61.50 13.47 10.93

Mo–6Ni–1.5Cu–1.5Fe 15.60 60.65 12.37 11.38
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are both about 0.360 nm, which is slightly larger than

the 0.352 nm of the pure Ni. Thus, it is believed that
these two peaks are from the Ni-rich phase, which is

solutionized with Mo, Cu, and Fe.
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The above results have revealed that, by increasing the

amount of the Ni–Cu–Fe ternary additives, which are at
a 4:1:1 ratio, the rupturing of sintered Mo compacts can

be transformed from the brittle mode to the ductile

mode. Our previous study has shown that the brittle

NiMo intermetallic compound will form at the grain

boundaries in the Ni-doped Mo compacts and lead to

embrittlement [12]. The metallography and EPMA anal-

ysis performed in this study also indicate that a NiMo-

like intermetallic compound form in the matrix of the
Mo–1Ni–0.25Cu–0.25Fe, Mo–2Ni–0.5Cu–0.5Fe, and

Mo–3Ni–0.75Cu–0.75Fe compacts. But, this compound

is not found in Mo–4Ni–1Cu–1Fe, Mo–5Ni–1.25Cu–

1.25Fe, and Mo–6Ni–1.5Cu–1.5Fe compacts. The ma-

trix in these compacts is solely Ni-rich solid solution.

This indicates that the improvement in ductility is related

to the elimination of the NiMo compound.

In addition to improving the ductility, a higher frac-
ture strength of 1222 MPa can also be attained in the

Mo–4Ni–1Cu–1Fe compact. The results of its micro-

structure and the morphology of the fractured surfaces

are very similar to the widely used W–Ni–Fe tungsten

heavy alloys. The high strength and improved ductility

of Mo–4Ni–1Cu–1Fe, Mo–5Ni–1.25Cu–1.25Fe, and

Mo–6Ni–1.5Cu–1.5Fe are attributed to the good bond-

ing at the interface between Mo and the Ni-rich phase.
4. Conclusions

The ductility of nickel-added molybdenum compacts

is usually poor due to the formation of the NiMo com-

pound at the grain boundaries. When copper is added to

the system, the density can be further increased, but not
the ductility. This detrimental brittleness in the Mo–Ni–

Cu system can be improved when the third alloying ele-
ment, iron, is added and when the total amount of Ni,

Cu, and Fe is over 6%, such as in the Mo–4Ni–1Cu–

1Fe system. This improvement in ductility is attributed

to the elimination of the brittle NiMo intermetallic com-

pound in the matrix. The matrix in the compacts that

are ductile consists of Ni-rich solid solution, typically
containing 14at%Mo, 14at%Cu, and 11at%Fe.
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