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ARTICLE INFO ABSTRACT

Article history:

Tungsten Heavy alloys (WHA’s) have attracted attention in different industrial areas, such as biomedical
and military devices, in the application of shielding for ionizing radiation. In this study, samples of W-
30Ni alloy were additively fabricated by the laser beam selective Powder Bed Fusion-Laser (PBF-L) tech-
Keywords: niques, and compared with the conventional route, liquid phase sintering (LPS). The samples were pre-
W-Ni pared by mass balance, compacted from 50 to 125 MPa, without polymeric binders, and vacuum
Additive manufacturing sintered at temperatures of 1330, 1370 and 1420 °C. For the PBF-L technique, a vibrating device made
Ef]i::j phase sintering it possible to improve the fluidity of the W-Ni mixture, which has low sphericity, low fluidity and at
Microstructure the same time the compressibility of the mixture, promoted through a roller compactor. The thin depo-
Mechanical properties sition layers of the powder mixture were applied evenly and well distributed in the powder bed to avoid
defects and cracks during sintering. The parameters of the PBF-L process varied with power from 50 to
125 W and scanning speed laser from 25 to 120 mmy/s. The different microstructures, obtained by
Optical Microscopy (OM) and Scanning Electron Microscope (SEM), and properties were compared with
the two sintering techniques, direct (PBF-L) and indirect (LPS). The microhardness of the PBF-L samples
was higher than those processed by the LPS technique.
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1. Introduction

Tungsten-based heavy metal parts use to be manufactured by
powder metallurgy (PM), or sintered technology, by Powder Extru-
sion Molding (PEM) and Powder Injection Molding (PIM). Additive
manufacturing (AM), Powder Bed Fusion (PBF) technique in metals,
may be an alternative manufacturing process for high melting
point refractory metals [1]. Tungsten (W) Heavy Alloys (WHA's)
are tungsten pseudo-alloys with a nickel (Ni), iron (Fe) and copper
(Cu) binding phase, fabricated by the sintering process, by liquid Ni
phase on the surface of the W particles; stands out because of par-
ticular properties due to its high melting point and density, excel-
lent thermal conductivity, low thermal expansion and have
application in aerospace, military, electronics and marine indus-
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tries, plasma coated shields in nuclear industry for shielding, coun-
terweights, kinetic energy penetrators, heat sinks for electronics
and vibrating masses for cell phones [2-4]. The main advantage
of Ni/Fe based WHA's is their ability to be machined into complex
geometries using conventional cutting tools; The hardness of these
WHA'’s under most conditions is only 30 HRC or just under 28 HRC,
it can be easily machined [5]. One of the advantages of the AM,
PBF-L technique, is the ability to manufacturing tungsten compo-
nents in complex and complicated shapes with small dimensions,
something that cannot be easily manufactured by traditional tech-
niques such as casting, forging, machining and conventional pow-
der metallurgy; and has been used more frequently by various
industrial sectors to reduce production steps and costs, mainly
for the manufacture of high-value, low-volume mechanical com-
ponents and for complex shapes [6]. W-based materials present
several difficulties in the AM, PBF-L technique in metals, due to
the high melting temperature, high thermal conductivity, high vis-
cosity and for rapid cooling, in the cold substrate, undesirable
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effects such as ball formation and oxidation tendencies may occur.
Understanding powder type, as critical material, and process
parameters (laser power, distance between laser scan tracks, layer
thickness, scan speed), affect PBF-L processing for WHA'’s [7]. This
work aims to compare the characterization and processing of the
W-30Ni alloy for the two techniques, conventional LPS and PBF-L
additive manufacturing, systematically using the relationships
between process variables and the quality of the samples
produced.

2. Materials and experimental methodology
2.1. Preparation of W-30Ni alloy

The following metallic powders were used in this work, as
shown in Table 1.

The tungsten powder, Fig. 1(A) shows, Scanning Electron Micro-
scope (SEM), a granulometric distribution smaller than 2 pm and
the particles have spherical and irregular polygonal shapes. The
nickel carbonyl powder, Fig. 1 (B), has particles with dendritic
and porous shapes, with dimensions smaller than 15 pm. The
70 W-30Ni alloy mixture was prepared using the conventional
powder metallurgy technique (mixing, drying, compaction, sinter-
ing, sample rectification and subsequent analysis). In Fig. 1(C) the
Backscattered Electron Imaging (BEI) of the W-30Ni mixture is
compared with the secondary electron imaging (SEI) to identify
Ni, darker particles (8.9 g/cm?®) and W, lighter particles (19.2 g/
cm?).

2.2. Liquid phase sintering technique (LPS)

These W and Ni metal powders, according to Table 1, were
mixed and homogenized by a conventional palette mixer,
3000 rpm, Fig. 2(A), for 3 h, using isopropyl alcohol as a lubricant.
The high energy Attritor mill was not used, nor was grinding to
avoid the reduction and crushing of the metallic tungsten and
nickel grains. After the mixing step, the isopropyl alcohol was
removed by means of conventional drying in an oven at a temper-
ature of 200 °C for 2 h. Compaction was carried out in the dry uni-
axial direction, that is, without polymeric binders, in a metallic
matrix with a rectangular section of 12 x 37 mm, Fig. 2(B). The
compression pressure used ranged from 50 to 125 MPa.

The green compacted samples, Fig. 2(C), were finally sintered in
a vacuum furnace, Fig. 2 (D), with temperatures varying from 1330,
1370 and 1420 °C, heated for 3 h, stabilized for 60 min, for all sam-
ples, and slow cooled, inside the vacuum furnace, Fig. 2 (B). The
result of the physical behavior, in particular the density, of a W-
Ni alloy, can be obtained by the expression (1).

P, = Pni-Pw
“ Low X (Ni%) + pyi X (W%)

.100% (1)

where pt: theoretical density of the binary W-Ni alloy; Ni%: mass
percentage of Ni; W%: mass percentage of W; Tungsten density (p
w) equivalent to 19.2 g/cm®; Nickel density (p n;) equivalent to
8.9 g/cm’. According to the mixing rule, by mass balance, 70% W
and 30% Ni, by weight, the theoretical density of 14.25 g/cm?, via
expression (1).

Table 1
Properties of tungsten (W) and nickel (Ni) metallic powders.
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2.3. Direct sintering techniques via powder bed fusion - laser (PBF-L)

The direct sintering process, PBF-L, eliminates the steps of
grinding, drying, sieving, paraffin binding, pre-sintering in hydro-
gen furnaces, green machining, when compared to the conven-
tional process of the LPS fabrication route. The compaction of the
metallic powders was carried out in the Omnisint-160 model
machine, Fig. 3 (A), performed by a vibrating device with a metal
roller, Fig. 3 (B), whose rotational speed is controlled indepen-
dently of its displacement speed. Compared to the conventional
compaction process of green parts using a metal matrix, the cross
section of the powder bed in the direct sintering system is much
longer, Fig. 3 (C), therefore it is difficult or almost impossible to
provide the powder bed with high pressure when compared to
the LPS technique. For this, a compressor roller was developed
and coupled to the powder fluidized device, Fig. 3 (D), to spread
the powder through its translation and rotation movement that
can compress at the same time. Compaction of thin layers with a
roller is interesting for metallic powder materials for applications
that focus only on additive manufacturing application [7]. In this
operation, the metallic powder flows under the fluidizing con-
tainer, which at the same time is spread and compacted, Fig. 4 (A).

Regarding the investigation of the PBF-L process parameters,
Fig. 3 (D), the tracks are created using multiple laser powers as a
function of the scan speed. According to the scanning system of
the OmniSinter-160 equipment, from the company Omnitek Tech-
nology (Brazil), the scanning speed was varied from 50 to 150 mm/
s, changing the laser exposure time (P, = 500 W - 100%) while
keeping the exposure point distance (Hs = 80 um) of the laser at
its minimum height value (Iz = 30 um), focal diameter Laser
140 pm. The volumetric energy density applied to the samples
can be calculated through the expression (2) [6,8]. Where: Ey (J/
mm?) is the energy density that relates Laser Power (P.) to scan
speed (vs), distance between tracks (hs) and layer thickness (7).

P
vs.hs 1, @)

In the sintering process, PBF-L, a continuous flow of argon was
added, 0.3 litters per minute. Oxygen was present within the sys-
tem, which ranged from 250 to 350 ppm. Samples were initially
programmed to be produced with a height of 1020 pum (34 deposi-
tion layers). The thickness of the “I,” layer used was kept fixed at
0.03 mm. Fig. 4(A) shows the illustration of the process parameters
in PBF-L, compaction, scanning strategy and Fig. 4 (D) shows the
schematic diagram of the adopted scanning strategy. As can be
seen in Fig. 4 (B), a zigzag scan strategy was used for a single layer,
with 65° rotation between adjacent layers, Fig. 4 (C). A compaction
factor (Fc), calculated through the expression (3) [9], was defined
for the roller compactor that passes through the powder bed for
compressibility of metallic powder, while the roller rotates in a
certain clockwise direction:

Ey =

_d
-7

The compaction factor, for this device, indicates how much the
powder bed layer (ds) has retracted in relation to the initial layer
(dL). More specifically, the layer-by-layer deposition process
should follow the scheme shown in Fig. 4 (A) and (B).

Fc

Powder Average Grain Size (um) Apparent Density (g/cm>) Degree of purity (%) Manufacturing Route
Tungsten (W) 1.5 71 99.530 Hydrometallurgy and reduction by H,
Nickel (Ni) 5.0 3.5 99.847 Carbonyl gas refining process
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Fig. 1. (A) SEM of W metal powder; (B) SEM of Ni carbonyl powder and (C) BEI and SEI, are detected using SEM of the mixture of metallic powders in the proportion
70W:30Ni, by weight, highlighting the light powders for W, and the Ni powders, dark colors.
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Fig. 2. (A) Conventional stirrer with a capacity of 3 kg of mixtures. (B) Compaction of specimens. (C) Rectangular samples of green compactsfor the LPS process. (D) Vacuum
sintering furnace; (E) sintering thermal cycle. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(E)

Fig. 3. (A) OmniSint-160 machine; (B) Vibration device with roller; (C) Sintering chamber; (D) powder bed flowability & compressibility; (E) Sintering with different

parameter levels PL(W)x vs(mm/s).
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Fig. 4. (A) Compacting Method [9], (B) zig zag scanning strategy [8], (C) monolayer deposition strategy with 65° rotation and [10], (D) Sintering strategy via PBF-L - generated
by distinct levels of factors (PL x vs).

Without the roller compactor and with the scraper ruler for 3. Results and discussions

spreadability of the W-Ni mixture in the powder bed, craters

appear on the powder surface, Fig. 4 (A). With the roller compactor, After fabrication, via LPS and PBF-L, the samples were embed-

fill in the gaps created by the scraper ruler and make the deposi- ded in Bakelite and the surfaces were sanded with a diamond disk,

tion layer uniform and even. In addition, it improves densification, in a polisher to remove the rough surface and then polished, in a

going from a bulk density condition to a beaten and pressed or polisher with nylon felt, in suspension of diamond powder based

compacted density, as shown in Fig. 3 (D). on of solid Vaseline, varying in the order of decreasing from 15
to 1 pum until the final polishing, for analysis of the apparent
porosities. For the analysis of the microstructures in the OM and
SEM, the electrolytic chemical attack was necessary, due to the
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high corrosion resistance of Ni and W; with 3-6 Volts, for 3-5 s
with a liquid reagent containing 10 g of NaOH dissolved in
100 cm?® of distilled water. The sintered density tests were per-
formed, Fig. 5(A); relative density (%), Fig. 5(B); Linear contraction
(%), Fig. 5(C); volumetric contraction (%), Fig. 5(D); Vickers hard-
ness (HV 1), Fig. 5(E); and Rockwell Hardness (HRC), Fig. 5(F),
respectively.

The apparent porosity and microstructure analyze of the sam-
ples obtained by the LPS technique at temperatures of 1330,
1370 and 1420 °C are shown in Fig. 6(A). (B) and (C). Nickel pool
phase, lack of spreadability around the W grains, with plenty of
micro porosity points, evidencing a heterogeneous structure, due
to the lack of wettability and spreadability of Ni in the W grains,
this mechanism compromises the performance of the product,
such as low densification, hardness, and other properties, there-
fore, should be avoided. WHA’s have an average hardness of
HVy5 302 + 10, which can be reduced with the presence of exces-
sive porosity [10].

The theoretical densities for the binary composite W and Ni are
respectively: 19.20 g/cm? and 8.91 g/cm?, therefore, the theoretical
density of the W-30Ni alloy is 14.25 g/cm>. Metal powders from
W-based alloys, are subjected to a compaction pressure of up to
200 MPa; and the sintering process takes place in two stages, con-
sisting of primary solid-solid sintering and secondary sintering,
solid-liquid phase. Solid state sintering temperatures can range
from 1300 to 1450 °C, and in a hydrogen atmosphere [4]. In the
conventional LPS technique, during sintering, the solid-solid bond
between the metallic powders occurs, giving compact rigidity,
before the emergence of the liquid phase (Ni), forming necks
between the particles and porosities, the low wettability of Ni is
perceived around the W [3]. Full density can be achieved in
solid-solid and solid-liquid states, but the microstructures will
not be spheroidized and the mechanical properties will be very
low. Those containing tungsten content ranging from 60 to 90 %
by weight, rich in Ni, are easily deformed, have high ductility and
good machinability, making it possible to machine with inserts
or conventional carbide cutting tools. WHA alloys (10% wt nickel
metal binder phase) have many applications, one being as a bal-
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ance weight in aircrafts. For this application, the pieces have a
complex shape and must have the highest possible density, that
is, less binder. However, it is a component that undergoes intense
wear, and larger amounts of binder can provide less mass loss dur-
ing operation. Furthermore, in the PBF-L process, the use of higher
concentrations of binder can make the process viable, when com-
pared to the process by liquid phase sintering, without the use of
polymeric or paraffinic binders.

The main phase of these binary alloys is tungsten (CCC struc-
ture) and the mechanical properties must be very close to that of
pure tungsten, example for average hardness values of 29 HRC
(~290 HV or 64.0 HRA), for a heavy alloy WHA - Densalloy
SD170, with a maximum of 32 HRC (~320 HV or 66.5 HRA) [5].
The same mixture of W-30 Ni powder applied in the LPS technique,
was submitted to the PBF-L technique, in the OmniSint 160 equip-
ment. Using laser powers, 50, 75, 100 and 125 W, in the OmniSint
160 machine, the samples manufactured by the PBF-L resulted in
34 layers (1020 pm) and with an average thickness of
649 + 116 pm, which represents an average height shrinkage factor
of 63.63% with a standard deviation of *+ 36 %. The microstructure
investigations involved creating a process map (LASER power ver-
sus Scan speed) resulting in various levels of volumetric energy
density factors.

For the conventional press and sintering processes, the linear/
volumetric shrinkage is influenced by the sintering temperature
and by the green density (compaction pressure). The higher the
sintering temperature or the lower the compaction pressure, the
large will be the shrinkage. The sintering mechanisms via LPS,
swelling can occur and swelling effects on the final sintering
depends on the strength of the pressed body during sintering.
The Fig. 5(G) and 5(H) shows that the swelling at 1420 °C, when
the liquid has greater fluidity, does not occur only for samples
compacted with 125 MPa, which have greater strength.

Fig. 7 (A) and (B) show, respectively, the apparent porosity and
optical micrograph characteristics of the W-30Ni alloy, of the
fusion results of a single track, distance from the exposure point
(Hs = 80 pum) of the LASER at its minimum height value (I; = 30 p
m), focal diameter Laser 140 pm. The strategy for the manufacture
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Fig. 5. (A) Properties of W-30Ni alloy samples produced in the LPS process, according to the compaction pressure, vacuum sintered at 1330 °C, 1370 °C and 1420 °C. (A)
Sintered Density, (B) Relative density, (C) Linear Shrinkage, (D) Volumetric Shrinkage, (E) Vickers Hardness (HV1), (F) Rockwell Hardness, (G) Green Density and (H) The
influence of sintering temperature in relation to the compaction pressure of the samples. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 6. Apparent porosity (OM 100x) and Microstructures (OM 1000x) of W-30Ni samples (125 MPa) produced in the LPS process, conventional route: (A) vacuum sintered at

1330 °C, (B) 1370 °C and (C) 1420 °C.
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Fig. 7. (A) Porosity characteristics of W-Ni samples after distinct levels of volumetric energy density, with their respective final heights and compaction factor (Fc%) and (B)
Characteristics of microstructures and grain size of W-Ni samples after various levels of volumetric energy density, with their microhardness at HV (1.0 kgf).

of mechanical parts and components, via PBF-L aiming at high den-
sity depends on a map or parameters of laser deposition energy
density, it is recommended the minimum typical power of
200 W is used to melt the WHA’s metallic powder that is in bed,
on a metal table, preferably of the same alloy, using data from a
parameterized 3D CAD file that will be sliced layer by layer, with
a layer thickness in the range of 0.03-0.05 mm [6]. However, in this
work, due to the high content of the nickel ligand phase, the pow-
ers from 50 to 125 W were taken into account in a bed of ANSI
1020 carbon steel.

The idea of working with low flowability tungsten and nickel
mixtures was due to the difficulties in obtaining fine and spherical
powders (higher flowability), especially considering W powders.
PBF-L processes demand such characteristics; however, the use of
high binder concentrations can compensate the poor flowability
and packing, due to a high-volume fraction of liquid during the
process. Li et al. [18], studied the refractory alloy of 90W-10(Ni,
Fe), with spherical powders, for different combinations of process
parameters by the PBF-L technique and the samples almost
reached a total densification of 99% (relative density) and the Laser
power had a relevant influence on the process, with a volumetric

energy density (VED), value of 300 J/mm>. The micro indentation
hardnesses were higher than HVq3 400. Vickers Hardness values,
HV; o (GPa), with their respective standard deviations, were calcu-
lated according to ASTM C1327-15 Standard Test Method for Vick-
ers Indentation Hardness of Advanced Ceramics, expression (4),
where “P” (kgf) is a force applied to the surface of the sample
and “d” (mm) is the average length of the two diagonals of the
indentation.

HVp (GPa) = 1,8544.(%) (4)

It can be seen in Fig. 8, that with the increase in the volumetric
energy density, for a single scanning speed of the LASER beam, it is
accompanied by an increase in volume and a decrease in the vis-
cosity of the Ni ligand matrix; due to hydrodynamics driven by
the Marangoni effect, which becomes important for the distribu-
tion of W in the molten pool. However, if the scanning speed is
increased, the heat-affected zone becomes larger, evidencing the
lack of W fusion and obtaining a heterogeneous structure, Fig. 8
(B) and 9 (B), solution reprecipitation is favored with increasing
energy, being the most important means to reach full density dur-
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Fig. 8. (A) Total thickness of W-30Ni samples PBF-L; (B). Layer-to-layer, non-homogeneous, HAZ deposition interface sample III alloy; P. = 50 W, vs = 100 mm/s and
Ev = 167 J/mm?, (C) Total thickness of sample VII by PBF-L; and (D). Layer-to-layer deposition interface, homogeneous structure, P, = 75 W, vs = 100 mm/s and Ev = 250 J/mm°.

ing liquid phase sintering [11]. It should be noted that in the con-
traction, the surface does not appear uniformly in any of the sam-
ples IIl and VII, respectively, Figs. 8 (A) and 9 (A). The width, length,
amount of shrinkage and placement will vary depending on the
associated process parameter values. In most samples, the contrac-
tion observed via OM increases as the scanning speed increases,
this undesired effect favors the formation of porosity and the lack
of fusion between the deposition layers.

The fabrication of tungsten samples by the PBF-L technique
(SLM) is considered difficult due to the high melting point, high
thermal conductivity, high viscosity and sensitivity to oxidation
[6]. By using a laser, for high deposition energy densities, with oxy-
gen levels below 320 ppm in the sintering chamber, complex
geometries construction, even of refractory metals such as pure
tungsten, can be realized. However, due to its intrinsic properties
of high melting point, good thermal conductivity, high ductile to
brittle transition temperature and high surface tension, sintering
tungsten heavy metal and its alloys is a challenging task, resulting
in parts, mainly, with cracked and/or porous microstructures.
These unwanted defects such as apparent porosities, lack of fusion
and microcracks seem to be inevitable for the PBF-L technique, no
matter what process parameter was chosen, due to the high ther-
mal stresses that tend to form in rapid melting and rapid solidifi-
cation. Effective methods of reducing or eliminating these defects
need to be investigated in the future [10]. In Fig. 9 (A) and 9 (B),
presents the schematic curves of surface tension variation with
temperature in a liquid metal. The penetration profile and the
oscillations in the weld pool can be explained through the Maran-
goni convection mechanism. Curve (a) represents a high purity
material (dg/dT < 0) and curve (b) a material contaminated with
a surface-active element (dg/dr > 0) [12]. The presence of oxygen
can affect the surface tension of the weld pool and reverse the
direction of the Marangoni flow, increasing the balling effect [1].

The intensity of thermocapillary convection can be characterized
by the Marangoni number (Ma) defined as, expression (5):

_dydT I

T dT dy oy (3)
where v is the surface tension, 41 is the temperature, is the thermal
gradient, o is the thermal diffusivity and m is the viscosity of the lig-
uid. Higher Ma numbers, Eq. (4), means strong circulation of molten
metal and result in larger molten pools at the interface, compared to
Fig. 9 (B) and 9 (D). It also means that the convective flow of the
molten metal within the pool, driven by the surface tension gradi-
ent and with a higher Marangoni number, also results in a larger
pool with high ratio, which helps to ensure proper bonding between
the layers, therefore, lower porosity in the alloy [13]. The surface
tension (7y) of the liquid metal decreases with increasing tempera-
ture, that is, %T < 0; the hotter liquid metal with a lower surface ten-
sion at point “a” is pulled out through the cooler liquid metal with a
higher surface tension at point “b”; that is, an outward shear stress
is induced on the surface of the weld pool by the surface stress gra-
dient along the surface of the pool [12], as shown in Fig. 9 (C). This
causes the liquid metal to flow from the center of the surface to the
edge of the pool and back below the surface of the pool, as shown in
Fig. 9 (B), resulting some faults shown in Fig. 9 (E). The W-Ni phase
diagram [14]; in Fig. 11, is especially important in the identification
of solubility parameters and in the identification of the possible
phases that can form during solidification, characterized by three
intermediate phases, but there are several limitations [15].

For the chemical composition 70%W (BCC) and 30% Ni (FCC),
there is predictability of forming the NiW phase, composition of
75.8% W, by mass. However, in non-homogeneous regions, with
44% W, by mass, the compound Ni4W and the compound NiW,
(with 86.3%W) can be formed, as shown in Fig. 10 (A), regarding
that its formation is extremely sensitive to the presence of oxygen
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Fig. 9. (A) Microstructure of W-30Ni Alloy Sample 3; PL = 100 W, vs = 50 mm/s and Ev = 417 J/mm®. (B) Schematic figure of the Marangoni effect, Surface tension
(v) x temperature (T). (C and D) Influence of surface tension force on the convection mode in the molten pool [12] and (E) schematic diagram of an optimal PBF-L process

parameter window.
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Fig. 10. (A) W-Ni phase diagram, (B) SEM of the vacuum sintered sample at 1420 °C, binding of W-solid grains - W-solid. (C) SEM of sample III sintered via PBF-L.
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Fig. 11. SEM EDS analysis (10,000x) Element Images of W-Ni alloy, comparison of microstructures processed by LPS (1420 °C, 125 MPa) and PBF-L techniques (sample XVI),
(A) highlight for the particle W, (B) highlight for the Ni-binding phase and (C) distribution of solute W in the Ni-solvent binding phase e (D) energy-dispersive X-ray

spectroscopy for chemical characterization of the samples.

in the system. Understanding the critical material (powder type)
and process parameters (laser power, distance between tracks,
layer thickness, scan speed affect PBF-L processing for W alloys
[16]. For mapping power parameters (W) as a function of the scan-
ning speed (mmy/s), in the PBF-L technique and for the other tech-
niques of additive manufacturing in metals, evidence other
important characteristics such as the melting points of chemical
elements, the presence of unwanted effects such as keyhole,
humping, balling, spattering and lack of fusion, illustrated in
Fig. 9 (E).

In the W-30N:i alloy, obtained by the conventional LPS route, the
dominant phase should be the solid solution of W in Ni, as indi-
cated by the W-Ni equilibrium diagram, Fig. 10 (A). However, the
structures obtained by the PBF-L technique may differ significantly
from those obtained by thermal equilibrium, that is, a complex
process, in which the samples are out of equilibrium, and isolated
intermetallic compounds may appear of NiW, and NiyW, with the
NiW phase in greater proportion, but difficult to be identified in
OM and SEM microscopes. Alternative compositions for WHA'’s
can be easily designed for specific applications. What should be
avoided are the brittle intermetallic precipitations for alloys with
Ni-rich binders, as they can form the Ni4W phase in slow cooling,

and its elimination is possible by a post-intermediate heat treat-
ment. In liquid phase sintering, W dissolves in the metal matrix
Ni (FCC), with 20-25% by weight, being precipitated on cooling
to room temperature [17]. However, it does not indicate whether
one of these phases, mentioned above, at elevated temperatures,
can be kept at room temperature by rapid cooling. For some
parameters of the PBF-L technique, they indicated good homogene-
ity attributable to the solid solution of W in Ni, unlike the conven-
tional LPS technique, which showed heterogeneous structures for
different temperatures [15]. Having a well-spheroidized
microstructure in shielding components for ionizing radiation is
especially important from the point of view of durability [5]. Phase
diagrams do not indicate the phases produced by fast cooling rates.
The W-Ni phase diagram has limitations, it only provides informa-
tion on the constitution of the alloys, for example the number of
phases (NiW or NiW,) present for the chemical composition
70W-30Ni but does not provide information on the structural dis-
tribution of the phases; that is, they do not indicate the particulate
size, shape or phase distribution, which affects the final mechani-
cal properties [15].

An important observation in the W-Ni alloy, processed by PBF-L,
Fig. 10 (C), about the change in the morphology of the W particu-
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lates, compared to LPS, Fig. 10 (B), indicates that the surface energy
of the W-Ni particulates accelerated the diffusion process accentu-
ated W, intensifying the mass transfer to the binding phase, Fig. 11
(A), (B) and (C), changing the composition and contributing to the
binder phase hardening. In WHA alloys, via SEM, three main
regions are evidenced in the microstructure: the W particulate
phase, the metallic matrix or binding phase and a region of den-
dritic formation for W-Ni alloy. W has a high solubility in the Ni
matrix, but the solubility of Ni in W is practically negligible,
Fig. 11. Furthermore, fine W dendrites that formed in the matrix
(PBF-L), when W particles are partially diffused, on rapid cooling,
W particles acted as heterogeneous nucleation sites [18]. For high
direct sintering energies, the presence of oxygen in the spectrum of
sample XVI, is noted (P, 125W, v, 125 mm/s and Ey 333 J/mm?),
allowing the possible formation of WO, Fig. 11 (D), EDS character-
ization of the samples PBF-L.

4. Conclusions

In this work, the behavior of the heavy metal alloy W-30Ni,
with irregular particles and poor flowability, was sintered directly
(PBF-L) and indirectly (LPS). There is no published literature, con-
sidering the same chemical composition, i.e., The conclusions are
given below:

I. In the LPS technique, with increasing sintering temperature,
the relative density and microhardness of the samples
increased. With increasing compaction pressure, linear and
volumetric shrinkage decreased. The best relative density
reached about 92% for a temperature of 1420 °C. Regarding
the microstructure, solid sintering of the W-W particulates
occurs, obtaining a heterogeneous structure with micro
porosities. The sintering temperature for the W-30Ni alloy
should continue above 1420 °C for better densification,
porosity reduction and to improve the distribution of W par-
ticulates in the Ni binder phase. The hardness of the W-30Ni
samples were higher than the WHA alloys (10% wt. Ni)
described in the literature.

II. Tungsten Heavy Alloy alloy with high binder content, for
30wt.%Ni. This composition is not covered by the ASTM
B777 standard, with a maximum binder content of 10 wt%.
We are using such high amount of binder to investigate
the liquid phase, especially during PBF-L processes. For the
PBF-L technique, the microhardness test (HV) resulted in
higher values than the PM-LPS technique, due to the diffu-
sion and precipitation of W in the binding phase and the for-
mation of intermetallic compounds (NiW,, Ni;W and NiwW)
is an important reason for the change in the hardness behav-
ior of the W-30Ni alloy, reaching a minimum of 508 HVg 5
and a maximum of 612 HVys. For energies above 300 ]/
mm?, the microstructures showed good homogeneity attri-
butable to the solid W in Ni solution. However, in the pres-
ence of oxygen. The relative density of the PBF-L samples
was not investigated, due to the very thin sample thickness.
No microcracks were evidenced in the W-30Ni samples, this
is important to see if the PBF-L technology is viable and if it
is ready to proceed to the process of developing W-30Ni
alloy products for free geometries. However, there was a lack
of fusion for samples with energies below 300 J/mm>. For
this W-30Ni alloy, proceed above 125 W to reduce the
apparent porosity.
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