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Abstract

To increase the sintered density of Mo compacts, liquid phase sintering was employed by adding sintering aids, Ni and Cu. With 1.5 wt.¢
Ni sintered at 1370C, the sintered density of Mo increased from 86.0 to 97.5%. When one-third of the Ni was replaced by Cu, the density
was improved from 82.1 to 99.1% when sintered at 28)R\Ithough copper has little solubility in molybdenum, and vice versa, it aids
nickel in enhancing the sintering of molybdenum compact during heating in the solid state and during the liquid phase sintering. Th
dilatometer run indicated that the liquid formation temperature was loweredy. 8etter wetting on molybdenum particles was also
observed. However, the Mo—Ni—Cu compact was still brittle due to the presence of brittle Mo—Ni compounds at the grain boundaries
© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction Although the addition of a single transition metal element
does not help the W and Mo industries due to the negligi-
Molybdenum is known as a refractory metal, and its sin- ble ductility, the ternary system with the liquid phase sinter-
tering temperature is usually greater than I'TQ0At such ing technique is widely used. The typical examples are the
a high temperature, specialized vacuum or hydrogen fur- W—Ni—Fe and W—Ni—Cu tungsten-based alloys, which could
naces with graphite or tungsten heaters are required. Thehave more than 10% elongation [9,10]. Several recent stud-
large amount of energy consumed is also a cost concern. Taes have revealed that when binary activators, such as Ni—Fe,
facilitate the sintering of molybdenum, two common tech- Ni—Cr [11], Ni—Co [12], and Ni—Al [13] are employed, the
nigues are employed; liquid phase sintering and solid statesintering of molybdenum becomes more enhanced than is
activated sintering [1-3]. possible by adding single elements. However, the use of the
Activated sintering has been studied since the early 1960sNi—Cu mixture, which is frequently used on tungsten-based
[4,5]. With a small amount of activator, such as Ni, Pd, or heavy metals, has not been investigated on molybdenum.
Pt, the sintered density can be significantly enhanced. It is In this study, enhanced sintering of molybdenum powder
generally believed that, during activated sintering, one role compacts was investigated by using the liquid phase sinter-
of the activators is to form a thin layer on the Mo surface, ing technique. Since most shrinkage occurred during heat-
which provides a short-circuit diffusion path for Mo atoms. ing in the solid state, the effect of activated sintering was
The other role is to increase the grain boundary diffusion also investigated.
coefficient of molybdenum [3,4,6].
Another technique, liquid phase sintering, has also been
used to improve the sintering of Mo and W. The liquid
phase plays a role similar to the activators in activated solid 2. Experimental procedure
state sintering. Unfortunately, these two techniques are not
widely used in the molybdenum and tungsten industry due  Three powders, Mo, Ni, and Cu were used in this study.
to the poor ductility of sintered compacts. The cause of The characteristics and the morphology of the three pow-
such brittleness is still not clearly understood. However, ders are given in Table 1 and Fig. 1, respectively. To prepare
it is generally accepted that grain coarsening [7] and the the compact, molybdenum powders were mixed with dif-
segregation of Ni-rich layers [2,8] are the two most likely ferent amounts of Ni or Ni and Cu powders in a V-shaped
causes. In improving the ductility of the Mo—Ni compacts, mixer for 1 h. The mixed powders were compacted to rec-

detailed knowledge of these two factors is important. tangular bars of 40 mm 15 mmx 4.3 mm using a pressure
of 450 MPa. The green density was.b# 1%. For Mo—Ni
* Corresponding author. compacts, the sintering was carried out at T8 (activated
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Table 1

Characteristics of the Mo, Ni, and Cu powders used in this study
Powder Mo Ni Cu
Grade OMP901 Ni-123 Cu-635
Supplier CSM INCO ACuPowder
Density, gcnT3 (pycnometer) 10.18 8.89 8.71
Chemistry

C (%) 0.0019 0.0808 0.2671
S (%) 0.0013 0.0001 0.0023
O (%) 0.9268 0.1955 0.4129
N (%) 0.0088 0.0015 0.0092

Fig. 1. Morphologies of the powders used in this study: (a) Mo, (b) Ni,

and (c) Cu.

sintering) and 137CC (liquid phase sintering), respectively,
for 1 h in hydrogen. For Mo—Ni—Cu systems, compacts were
sintered at 1300 (liquid phase sintering), also for 1 h in
hydrogen. To understand the sintering behavior, compacts
were also heated at a rate of°@min~! in a dilatometer
under hydrogen.

The sintered densities were measured by the Archimedes
method. Bending strength was determined by the 4-point
bending test at a crosshead speed of 2.5 mntHiThe
hardness was measured with a Vickers microhardness tester
(MVK-E2, Akashi, Tokyo, Japan) using a 50g load. Both
optical and scanning electron microscopes (SEM) were used
to analyze the microstructure. The etchant used on polished
specimens was the Murakami agent. For chemical analysis,
an electron probe microanalyzer (EPMA, 8600SX, JEOL,
Tokyo, Japan) was used to measure the amount of the ele-
ments at different phases. For the chemical composition at
grain boundaries, specimens were fractured inside a Scan-
ning Auger Microscope (SAM660, Perkin Elmer, MN, USA)
under high vacuun¥ x 10-19torr) so that the fractured sur-
faces were not contaminated. The depth profile of Ni and Cu
on the Mo surfaces was taken using Ar ion sputtering. The
sputtering rate was 1 nm mifh with reference to a T#Ds
standard.

3. Results

Fig. 2 shows the density of Mo with 1.5wt.% additives
composed of different ratios of Ni and Cu after being sintered
at 1300C for 1 h. The Mo-1.5wt.% Ni compact reached
95.5% density. As some Ni was replaced by Cu, the sin-
tered density increased, reaching the maximum of 99.1%
at 16.7wt.% Cu (5Ni/1Cu) and 33.3wt.% Cu (2Ni/1Cu),
and then decreased to 81.8% at Mo—1.5wt.% Cu, which is
close to the 82.1% density of the pure Mo compact without
Ni or Cu additions. This shows that pure Cu did not en-
hance sintering of Mo. However, when combined with Ni,
such as Mo—1.0wt.% Ni—0.5wt.% Cu and Mo-1.25wt.%
Ni—0.25wt.% Cu, its enhancement effect is better than the
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Fig. 2. The sintered density of Mo compacts with 1.5wt.% additives with
different ratios of Ni and Cu.
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Fig. 3. The effects of Ni and Ni—Cu (at 2:1 ratio) content on the density 0.04
of Mo compacts which are sintered at 1300 and T&7r 1h. 0.03 10°Clmin pure Mo
002— Hy e Mo-1.5%Ni
. . . c - , 1%Ni-0.5%
Mo—1.5wt.% Ni. For further detailed studies on the proper- 6 001 Mo-1%Ni-0.5%Cu
ties and sintering behavior of Mo—Ni—Cu compacts, a fixed S g'g‘: 3
Ni/Cu ratio of 2 to 1 was used. H '0'02 ]
The effect of the total amount of additives was also exa- Q '0'03 5
mined. Fig. 3 shows that for activated sintering of Mo—Ni at 0'04 =
1300°C, a small amount of Ni drastically improved the sin- 0'05 .
=u. T I 1 I T | T I T

tered density. As the amount of Ni increased to 5wt.%, the
density reached the plateau of 97%. For liquid phase sin- g
tering of Mo—Ni at 1376C, the density curve has the same Temperature (C)

trend as that of the 130Q, but the final density increased to ®

99.5% at 5wt.% Ni addition. With the liquid phase sintering Fig. 5. (a) The dilatometer curves, and (b) their derivatives of Mo compacts
of Mo—Ni—Cu (at a fixed Ni/Cu ratio of 2) at 130G, the sin- with Ni and Cu additions.

tered density was further improved compared to the Mo—Ni
system. Since 1.5wt.% additive is enough to show enhance-
ment, the following experiments were performed by using
mainly the Mo—1.0 wt.% Ni—0.5wt.% Cu and Mo—1.5wt.%
Ni alloys.

600 800 1000 1200 1400 1600

of the Mo—Ni compact. This decrease of the melting point
of the Mo—Ni system has been postulated, but no detailed
number was reported [14]. The dilatometer curve in Fig. 5

Fig. 4 compares the density of Mo—Ni and Mo—Ni-Cu shows that the copper did lower the liquid formation tempe-

s sintered for 1 h at diff tt ¢ The rature from 1360C for the Mo—1.5wt.% Ni to 127CC for
compacts sintered for ataierenttemperatures. the den-y, o \1q_1 owt.9% Ni—0.5wt.% Cu. It is also noted that most
sity of the Mo—Ni compacts increased as the sintering tem-

. . . shrinkage had occurred prior to the liquid formation. Thus,
perat.ure mcreaseq from 1200 to 1&00W|th Cu additions, the sintering enhancement of the Mo—1.0 wt.% Ni—0.5wt.%
the sintered density reached the maximum at 1@0Gur-

. ) L . ! Cu alloy is not simply caused by the low melting point of
ther increase in the sintering temperature did not improve y il y gp

; . o the alloy.
the density. Since copper melts at 1083it is expected that © afloy

the Cu additi i the liauid f tion t t Fig. 6 compares the sintered density, bending strength,
€ Lu addition will lower the fiquid formation temperaturé 4y the hardness of Mo—1.5wt.% Ni and Mo—1.0wt.%

Ni—0.5wt.% Cu. The density of Mo—1.0wt.% Ni—0.5wt.%
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Fig. 4. The effects of sintering temperature on the density of Mo—-1.5wt.% Fig. 6. The density, bending strength, and the hardness of Mo—-Ni and
Ni and Mo-1.0wt.% Ni-0.5wt.% Cu. Mo—Ni—Cu compacts sintered at 1300 and 137dor 1 h.
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Cu compacts sintered at 13@ was higher than those of
Mo-1.5wt.% Ni sintered at either 1300 (activated sin-
tering) or 1370C (liquid phase sintering). The bending
strength of Mo—-1.0wt.% Ni-0.5wt.% Cu was 403 MPa,
similar to that of liquid phase sintered Mo—1.5wt.% Ni, but
much higher than the activation-sintered Mo—1.5wt.% Ni.
The hardness of Mo—1.0 wt.% Ni—0.5wt.% Cu compact was
HV376. For Mo-1.5wt.% Ni compacts sintered at 1370
and 1300C, the hardness values were HV429 and HV299,
respectively. The ductility was negligible in all specimens.

To understand the cause of the embrittlement, the frac-
ture surfaces of specimens which were ruptured inside the
Scanning Auger Microscope (SAM) was examined. Fig. 7a
is the fractography of the Mo-1.5wt.% Ni compact sin-
tered at 1300C. All fracture surfaces were of the intergran-
ular type. In contrast, the liquid phase sintered compact, as
shown in Fig. 7b, demonstrates that some cleavage surfaces
were present in addition to the intergranular type of frac-
ture surfaces. Fig. 7c of the Mo—Ni—Cu alloy also shows
mixtures of intergranular and cleavage types of fracture
planes.

Fig. 8a illustrates the Auger spectrum of intergranular
surface (area No. 1) in the activation-sintered compact shown
in Fig. 7a. Besides Mo peaks, strong Ni peaks were present.
Areas No. 2 and 3 showed similar spectra. This suggests that
Ni was segregated at the grain boundaries. These surfaces
were then sputtered with Ar ions for different lengths of time.
Results showed that no nickel was present on area No. 1
after 1 min of sputtering, indicating that the thickness of this
Ni-rich layer was about 10 A. Since this Ni-rich layer was
detected on all intergranular surfaces, 10 A was considered
for only one side. Thus, the Mo—Ni layer is estimated at
20 A thick.

In the liquid phase sintered Mo—Ni compacts, the inter-
granular surfaces still show the presence of Ni, as shown in
Fig. 8b, similar to what was found in the activation-sintered
compact. However, the sputtering experiments indicated that
the thickness of this Ni-segregated layer is about 300 A, :
much thicker than that in the activation-sintered compacts. ’ ~
The Auger spectrum of the intergranular surface of the liquid # \
phase sintered Mo—1.0wt.% Ni-0.5wt.% Cu in Fig. 8c is err e ‘-}‘
similar to that of the Mo—1.5 wt.% Ni alloys. No copper was : .
detected. Fig. 9 shows the Auger spectrum of the cleavage ()
plane of Mo—Ni compact shown in Fig. 7b; in this compact,

no nickel was found. The cleavage planes of Mo—=Ni—-Cu Fig. 7. (a) Intergranular fracture surfaces in the Mo—1.5wt.% Ni compacts
. ’ . . sintered at 130CC; (b) mixed intergranular and cleavage fracture surfaces
compact did not show any Ni or Cu peaks, either.

o ” in the Mo-1.5wt.% Ni compact sintered at 1370 and (c) mixed fracture
In addition to the Auger analyses, Fig. 10a—C ShOWs gyrfaces in the Mo—1.0 wt.% Ni—0.5wt.% Cu compact sintered at“300
the SEM microstructures and the X-ray mapping of the

Mo—-1.5wt.% Ni compacts sintered at 1300, 1350, and

1400°C, respectively. The photographs show that the sin- Table 2 of the EPMA analysis shows that the Ni-rich
tering was in the liquid phase at 14@) while at 1300 and  clusters in the activation-sintered compact contained about
1350°C, the sintering was in the solid state. The X-ray map- 48at.% Ni. Further tests also indicated that increasing the
ping shows that Ni was uniformly distributed in the liquid amount of Ni in the compact did not change the com-
phase. In the activation-sintered compact, nickel was lo- position, only the amount of the Ni-rich areas. These re-
cated at the interstices among Mo grains. The grain size wassults suggest that the Ni-rich clusters and possibly the thin
also smaller than that in the liquid phase sintered compact. inter-particle layers in activation-sintered Mo—Ni compact

50 pm |
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Fig. 8. The Auger spectra of the in situ fractured intergranular surfaces of the compacts shown in Fig. 7: (a) Mo—1.5 wt.%°i, (b30@0—1.5 wt.%
Ni, 1370°C; (c) Mo-1.0wt.% Ni-0.5wt.% Cu, 130C.

were Mo—Ni intermetallic compounds in which the Ni con- compositions at the eutectic (64.2 at.%) and the peritectic
tent ranges from 46.0 to 48.1 at.% [15]. To examine the con- (61.6 at.%) temperatures as shown in Fig. 11 [15]. The fur-
tent of the liquid phase in the compact sintered at @0  nace cooled specimen, however, still contained about 48 at.%
specimens were both quenched and furnace-cooled from theNi, the same as that in activation-sintered compacts.
sintering temperature. Table 2 shows that the Ni-rich areas To further examine the structure of the liquid phase, a
in quenched specimens deviated from the stoichiometry to high Ni high Cu compact, Mo—4 wt.% Ni—2wt.% Cu, was
65.12 at.% Ni, which is reasonable as compared to the nickelalso sintered at 130C. Fig. 12 indicates that the liquid
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Fig. 9. The Auger spectrum of the in situ fractured cleavage surface of the Mo-1.5wt.% Ni compact showing no nickel peaks.

separated into two phases, which differs from what is shown Ni-rich layer increased to 300 A, and the rest of the nickel
in Fig. 10c of the Mo—Ni compacts. The results of the EPMA was in the liquid phase. The EPMA analysis given in Table 2
analysis, as shown in Table 3, show that the composition suggests that the Ni-rich cluster in the compact sintered at
of the light colored liquid phase in Fig. 12 consists mainly 1300°C, the liquid phase in the compact sintered at 240
of Ni and Mo, with Cu less than 2 at.%. In comparison, the and very possibly the thin Ni-rich layer between Mo par-
dark liquid phase was enriched with Cu and Ni. The compo- ticles are Mo—Ni intermetallic compounds. It is reasonable
sition of this Cu-rich area is, however, not uniform. Another to believe that the poor ductility of the Mo—Ni compacts is
test on Mo—-1.0wt.% Ni—0.5wt.% Cu also showed the same attributed to this thin Ni-rich layer surrounding the Mo par-
lack of homogeneity results. Further detailed studies will be ticles. By increasing the thickness of the Ni-rich layer, such
necessary to better understand the evolution of these phasess in the liquid phase sintered compact, or by changing the
composition away from the Mo—Ni stoichiometry, such as in
the specimen quenched from 14@) the Mo—Ni compacts

4. Discussion still showed no ductility.
The measured Vickers hardness of the Mo—Ni compound
4.1. Mechanical properties area in the liquid phase sintered compact was HV980, simi-

lar to the HV950 reported by Schwam and Dirnfeld [16].

It has been postulated that, during activated sintering, However, this compound is very brittle, as was noticed by
nickel forms a layer and provides a short-circuit diffusion the cracks around the indentation marks. Thus, to improve
path for the molybdenum atoms [3,4,6]. Figs. 7a and 8a the ductility of the Mo—Ni compact, the intrinsic brittleness
confirm that a Ni-rich layer was uniformly distributed on ©f the Ni-rich layer must be solved.
the molybdenum particle surface. This layer was only about When copper was added into the Mo-Ni alloy, two
20 A thick, about 10 monatomic layers. The nickel in these distinct liquid phases formed. One consisted of 52.0 at.%
layers accounts for less than 1wt.% of the nickel. Thus, Mo, 46.6at.% Ni, and 1.4at.% Cu, similar to the com-
most of the nickel added was still located at the original sites Position (52at.% Mo, 48at.% Ni) of the brittle Mo—Ni
among molybdenum particles, as shown by the X-ray map- compound. The other liquid phase had a high copper
ping in Fig. 10a. When the compact with the same nickel content. However, the grain boundaries between Mo par-
content was sintered in the liquid phase, the thickness of the

Table 3
Table 2 The EPMA quantitative analysis of the liquid phase in Mo—-Ni—-Cu com-
The EPMA quantitative analysis of the nickel-rich area in Mo-1.5wt.% P&cts sintered at 1300
Ni compacts sintered at different temperatures Mo—1Wwt.% Ni—0.5Wt.% Cu Mo—4wt.% Ni—2wt.% Cu
Temperature °C) Cooling condition Mo (at.%) Ni (at.%) Light colored Dark Light colored Dark
1300 Furnace cooled 51.36 48.64 area area area area
1350 Furnace cooled 51.69 48.31 Mo (at.%) 52.03 1.9825.06 49.89 1.8315.97
1400 Furnace cooled 52.29 47.71 Ni (at.%) 46.60 23.9632.33 48.33 27.2338.71

Quenched 34.88 65.12 Cu (at.%) 1.37 50.8465.77 1.78 56.8162.16
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ticles still contained mainly the Mo—Ni layer as shown
by the Auger spectrum in Fig. 8c. Thus, the ductility of
the compact was still negligible. To improve the ductility
of the Mo—Ni or Mo—Ni—Cu compact, the composition
and/or the properties of this brittle Mo—Ni layer must be

K.S. Hwang, H.S. Huang/Materials Chemistry and Physics 67 (2001) 92-100

6018 15.0KV  X1,800  1owm

9006 20.8KV  X1.,800  10Mm

e

8024 20.0KV _ X1.800  lovm

modified first. Ductility improvement studies by adjust-

ing sintering parameters and by adding other elements
to retard the formation or to alter the properties of the
Mo-Ni compound should be worthwhile and are currently
underway.
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4.2. Density the dilatometer curve. The melting point at about 1270

confirms the postulation of Gupta [14] that the addition of
The dilatometer curves shown in Fig. 5 indicate that melt- Cu is expected to decrease the melting points of the Mo—Ni
ing of the Mo—Ni alloy occurred at the peritectic point of alloy.
1362°C, instead of the eutectic point at 13T7[15]. The mi- The increase in Mo-Ni density by the addition of cop-
crostructure in Fig. 10b also confirms that when the compact per could be caused by the switch from the solid state ac-
was sintered above the eutectic temperature at 35060 tivated sintering to the liquid phase sintering. However, the
liquid phase formed. This suggests that most, if not all, nickel dilatometer curves in Fig. 5 show that the copper enhance-
formed a Mo—-Ni compound during heating and thus no ment had already occurred during heating in the solid state.
melting occurred when the eutectic temperature of 1817  Since there is little intersolubility between Mo and Cu, the
was reached. When copper was added into the Mo—Ni alloy, sintering enhancement during heating could be caused by
the copper was also dissolved in the Mo—Ni system be- the copper dissolution into Ni. This copper dissolution may
cause no melting occurred at 1083 as was indicated by  have changed the ordering and the amount of defects in the

V' Magn

0KV 1200x  BSE 10!

Fig. 12. The microstructure of the Mo—4.0 wt.% Ni—2.0wt.% Cu compact Fig. 13. Comparison of the wetting area of (a) Ni disc on Mo disc at
sintered at 130CC. 1370C, and (b) Ni-33.3wt.% Cu disc on Mo disc at 13G0
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