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ABSTRACT

Tungsten is astrategic metal that has found an irreplaceable position in engineering and industrial applications
due to its unique combination of properties. The consumption and use of this metal became more widespread with
the advent of tungsten heavy alloys, which are actually two-component metal-metal composites (tungsten
particles+binder). Tungsten heavy alloys date back 90 years. The application areas of heavy alloys range from
critical industries such as defense and ordnance, aerospace, shipbuilding, racing cars, energy, radiation and
nuclear medicine, to other industries.such as computers, plastic injection and die casting, machine tools,
watchmaking, and sporting goods. Because of the very high melting point of tungsten, powder-based techniques
are used to manufacture these parts. Themost common industrial manufacturing process is conventional powder
metallurgy (press-and-sinter), followed by powdersinjection molding. Recently, a prominent company has begun
producing commercial heavy alloy parts by additive manufacturing. Commercial heavy alloys of the W-Ni-Cu,
W-Ni-Fe, and W-Ni-Co systems usually liquid-phasessinter at temperatures of about 1500 °C. The W-Ni-Fe
system is the most widely used one. Due to their significance from both scientific and technological perspectives,
heavy alloys have attracted considerable attention over the years. In.the present article, an attempt has been made
to introduce tungsten metal and tungsten heavy alloys, to givea brief history of the development of commercial
heavy alloys, and to provide an overview of the industrial applications‘and .manufacturing processes of this class

of advanced materials.
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1. Introduction

Tungsten, the seventy-fourth element of the periodic table, has unique properties. Tungsten possesses the highest melting
and boiling points, the lowest vapor pressure, and the lowest coefficient of thermal expansion of all pure metals. Its
density, elastic modulus, hardness, and strength are also among the highest of all metals [1,2]. Such characteristics have
led to numerous engineering applications for this heavy, refractory metal [3]. Tungsten is also regarded by many countries
andorganizations as a strategic metal and a critical raw material in the supply chain [1,2]. However, this metal has a very
high ductile-to-brittle transition temperature (DBTT) and is brittle at room temperature [4]. Therefore, it cannot be
expected to have high fracture toughness at ambient temperature.

An important category of tungsten-based materials is known as tungsten heavy alloys (WHAS), which are essentially two-
component composites consisting of tungsten particles embedded in a matrix of metals with lower melting points [5],
referred to as thebinder phase. Compared to monolithic tungsten, WHAs are easier to machine and require significantly
lower temperatures for.fabrication (during sintering) [6]. Therefore, the manufacturing cost of WHAs is lower, and there
are fewer limitations regarding the size and shape of parts [7]. Furthermore, the fracture toughness of WHAs is
significantly higher (approximately 9 to 13 times higher at room temperature) [8]. However, due to the presence of the
binder phase, WHAs have a [ower operating temperature (service temperature) [9], and their density, hardness, and elastic
modulus are lower than those ofamonolithic tungsten.

2. History of WHA development

Before and around 1920, tungsten wasused solely as an alloying element in certain steels or as a filament in incandescent
lamps [10]. In 1935, the first heavy tungsten alloys were fabricated and introduced. McLennan and Smithells employed
copper alone, nickel alone, and a copper—nickel mixture as the binder phase [11]. Subsequently, in 1937, Smithells
succeeded in fabricating a functional component:by sintering W—Ni—Cu, and he further reported that this heavy alloy had
already found several industrial applications [12]. He patented the results of these investigations in 1939 [13]. Later, in
1954, Green et al. replaced copper withiiron, thereby producing and introducing W—Ni-Fe heavy alloys. They stated that
the purpose of this substitution was to develop"WHASs whose mechanical properties would be less sensitive to the cooling
rate from the sintering temperature. This substitution also permitted a higher solubility of tungsten in the binder (matrix),
which increased the tensile strength while simultaneously maintaining adequate elongation [14]. A few years later, in
1957, they patented these W—Ni—Fe heavy alloys[15]¢ In 1977; Margaria et al. substituted cobalt for iron with the aim of
enhancing hardness, thereby producing the W-Ni—-Co’heavy alloy [16]. In the same year, Dickinson and Riley patented
a tungsten heavy alloy with a Ni—-Co binder, in which the nickel-cobalt alloy was applied as an electroless coating onto
the tungsten particles [17]. At present, W—Ni—Cu, W-Ni=Fe, and W-Ni—Co heavy alloys are produced and supplied
commercially, and extensive research on these three systems continuesito be published in scientific conferences and
journals.

3. Applications

The current applications of tungsten heavy alloys are highly diverse, spanning a wide range of customers and industries.

e Balance weights:
in aircraft, helicopters, missiles, satellites, submarines, ships and boats, tanks, race cars, diving equipment, ski
equipment, tennis rackets, saddles, golf clubs, fishing rods, and darts.

e Vibration and inertial damping weights:
in aircraft, helicopters, race cars, computers, gyroscopes, propellers and turbines, self-winding watches, and
machining toolholders.

o Radiation shielding components against X-rays and gamma rays:
in high-energy beam systems, transport or storage containers for radioactive sources, CT scanners and PET
scanners, injection syringes for medical isotopes, and oil/gas prospection and well logging instrumentation.

e  Ordnance and weaponry:
in kinetic energy penetrators (KEPS), hunting cartridge shots, grenades, and fragmentation warheads.

e  Components of injection molds:
in plastic injection molding and die-casting.



This list is by no means exhaustive, and research and development (R&D) on potential applications is ongoing. One
such example is the prospective use of WHASs as plasma-facing materials, which has opened up a new horizon for
this class of advanced materials and will most likely extend their application area to nuclear energy and reactor
engineering in the future. Furthermore, serious environmental and health concerns have directed the increasing
attention of manufacturers and researchers toward WHAS as substitutes for lead and depleted uranium.

4, Manufacturing processes

Atpresent, commercial parts of tungsten heavy alloys are manufactured using three processes: i. conventional powder
metallurgy (PM) (commonly referred to as press-and-sinter); ii. Powder Injection Molding (PIM); and iii. Binder Jet
3D Printing (BJ3DP). Beyond commercial production, researchers have employed other novel advanced powder
metallurgy processes such as hot pressing [18], hot isostatic pressing (HIP) [19], microwave sintering [20], and spark
plasma sintering, (SPS) [21] as well as powder-based additive manufacturing techniques, including LMD [22], LDED
[23], SLM [24], and BMD [25] in order to fabricate heavy alloys for research purposes.

5. Outlook

The advent of tungsten heavy alloys has led to a broader consumption and utilization of tungsten metal. Following a
brief overview of the'historical development of heavy alloys, an assessment of their current status and the associated
technologies—from an analytical perspective encompassing alloy systems, application areas, manufacturing
processes, and related challenges—can delineate an outlook on the future of heavy alloys for manufacturers and
researchers.

Each of these three commercial WHA 'systems has now secured a well-established and clearly defined position.
Commercial manufacturers frem all'corners.of the world supply products based on these three systems to the market.
The active standards on the specifications of heavy alloys (SAE AMS 7725 and ASTM B777) impose no restriction
on the chemical composition of the binder (matrix), which gives researchers considerable latitude to enhance the
current properties and performance of heavy alloys through materials design and the development of novel binders.
Research efforts in this respect are directed toward incorporating various alloying elements into the binder
composition or employing emerging materials, such.as high-entropy and medium-entropy alloys, as the binder. These
efforts are currently at the research level; it.is anticipated that the commercial market will witness the introduction
of new WHA systems. In that case, new and mare.diverse application fields will become accessible to heavy alloys.

Research and development (R&D) on the manufacturing processes of heavy alloys continues, with the objectives of
improving the processes currently in use and pursuing the £ommercialization of novel processes. In particular,
additive manufacturing (AM) technology is presently attracting considerable attention. Following the successful
entry of BJ3DP into commercial production, a strong motivation has arisen for transitioning from research-scale to
industrial-scale production with other AM processes, and it‘is expectedsthat further AM processes will be adopted
for commercial production of heavy alloys in the future. Notably; owing te‘their capacity for simultaneous printing
and sintering, laser-based AM processes hold substantial potential for viable competition with traditional processes;
if this potential be realized, it will profoundly transform the future of tungsten heavy alloys.

In the nearly ninety years since the invention of tungsten heavy alloys, remarkable progress has been achieved,
elevating this class of advanced materials to its present prominent standing. Nevertheless, numerous challenges
persist, and the ongoing and expanding research directed at resolving them'will shape the future path of tungsten
heavy alloys and the associated technologies.
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Table 1: Some structure-insensitive properties of pure tungsten metal [3]
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Figure 1: Engineering stress-strain curves at 25 °C and 400 °C, with a strain rate of 0.02 mint, for polycrystalline and single-
crystal tungsten swaged and subsequently annealed for 1 h at 2000 °C [1,2].

Al ey oS

K-doped W ol o1 s

=
z
A

sl Jslone

W-ThOz .
W_CeOs B0l ST o jgolS
W-Lazx0a —] STy gadasT o3
W-7rO; ODS)
W-La203+Y203+Zr0z
ieeels
W Cu
W-Ag
JIEESICRENPILS

FRueNLEY] 5 mb é)l.‘{u" QYW Byl 995)3 (G wd R

Figure 2: Classification of the composition and structure of tungsten-based.commercial products.
ST Gyt BT A 31 (glazmsry ) -

il 9,8 ol slacY o S5l A, Syge b g o¥sd (S 50 3L pate Claie b jorgmass VY- Lo o> &
wlod 4 alls S g coalie S a4 w6l VAl s i b YA - OC S ol oo sles V]
Sl VAYD Jlo (o 05 5 dy )Gl juws )0 ety oS5 Oladad sl ples iz 4 oliws aSTEmsls LY °C sga> o
s U a5 et 51 (S5 0,3 T e i @ flieonl 5 Lo 30 Gy 5 i3l (WHAY 285 (5.5 slasl]
e s JB> 4 VY- °C o h coe 99> b ooV ed (B jo 0 i il ey lislads S solal JSGaE e Loglive o
°C ;0 Vh @ue s WoNISCU oo b plocan/ VAYY Jlo jo caalsl jo V-] w8 oy s A IA-AY S bogaxe) o

S STl aS ols 5155 iman (59 .08 ] 560,15 (slankad Cilu 4y 3390 g o, ADIY-AFIDT. s JK> 4 VO

!'Wolfram Heavy Alloy
2 Binder



OSes § o5 e [YY] 0505 g5 cd VAT Jlo yo 1) gy ol ol g9 [TV ol 00,5 las im0, wis
) 23Sl cnl 5 Bam plaal s S (Byme g axslo |, W-NIEFE S ol ool b e 50,5 50550l LVA0F Lo s
ol ez w3l el S (Lhgzi glos ) b 05w 255 & lap] (Sl (ol oS win )8 st (S lasld] deugs
OIS Yl (e 3 5 (288 plSottal liEl g 45708 (o0 mal B ) (ae)) e )3 S5 ol ot S el ol
JE> a5 w5 gl eus |, WENIFFe o Sin slaslT cnl olasl YAOY o wm Jlo ai IYY] 0 o coslio Jobo sbs)
Jlo 55 IYF] 850,51 cowsas VEV -1 F8 °C glales ;0 10-F+ MIN slacle; Soe ,o cde>ais b1, AFIV-03/V s slo
wiz s saizsle LIW-NIECO (S 5LIT 5 wis S ool cn3Sile 1) LS« oew Sl Gas b ol)See 5 L0650 VAVY
Ni—CO 880 L igpinS (puSiw 5T L) 5 9meicTo VAVY Jlo slea ,0 [¥0] 0o S5 olo 1) abols olss g clo Ll
(SHlls il 59,88 5| gy 8,8 Jlosl (S DS 5y (g 2SIl gy 50 a2 1y LS IS ST lagl i S gl 2 s |,
Gl b e g B Sl ¥R o a0 1V o1 e OC bogasme jo ol awd 5 )18 lal o g0 cigrcdl Con ladiges
@ ol ainle sladiges (olg> 1 Gl8yl 5 slocl o liol asal (5)laS Y h Goe 4 VY- -1y °C elod bagasms yo oo
5 odg 5, &0 4 W-NI-CO s WeNi-Fe W-NIi-Cu .Sw sbojlT ool Jlo o [Y8] wo S5 3,155 os,y o)
(5o e e (cole DMome g laGiolom)s Al (L 2 58 s du (0l (59 00 S (chpg IS (lizmen g Wigh os ad e
5 obaege L3, I¥VY] Sl Sldee IFAN] cusls Sojix Y] S5 SuiS oo IYATY] cobl og
ol 3 oWl cimgh Slea o paee Shees 2 [YEL 0,95 5 [YY] cles o ol ales 51 oo S [¥Y] Nanasle slo Jow

i e ST T

237 g a5 ais ol si Glie 4 S ol Jels (imes 5 sy jpeelS i 0 (S (St gl
ol oS T s piudllan Ll YU o5t 5 (SlactS Jgoe) (i inSastol,3 [VFO ] wlais $ 15 (o LS (aie)) Ko
Sllasil § S (S (S350 Cujeeld o S ae Sl 10930 (S (B g i Sl Ll oo s pdySllasil 5l pSes
50 DVFAT ssu o oole cpl @ 1) (6,5 cntle Cdggw 5 6 230, s piudllanil @y Kan sog [YONY] 008 o LSas pdy
(b7 Al yo) cbo gl S5 0mby sl lod @ 5 Wigdi oo ) edle ool (a8 lasldl alls (2S5 L aylis
i 3T ier s sles a5 > o l[¥] 558 oo gas YA+ » °C b ¥ Lo s slales jo Lalls o2aXss s s 5L
axkid S g o3l a5l (6,58 Cudgazte g 039 Sl cle duja (hYs cpl 4 [YVrEl il Vo - °C sgas g e
DYal Gl VB sgas lase slos 10) ol 5V (6 pKair job 4y oS LT CoSa Ko jamlions [Y-] 5l 552
Jse 5 i ( Iz 5 NF o )ls 3,515 o (55 0mb (g s18) )5 slod S (S SLIT Samdgg Jds 4 sl
1% s eSS 5B L S lasll piaS lSorial 5 (JIS Bagumme ¥ IS 5 el AllB GRS Gl eS SlesS

ol 00 A lie oY gs alest 51 _woige slajL]]

SAE v\ F ¥l MIL T-¥V ) f las lasbinl slate ol 4 ol a6 5lws lasbin] s o slazdl clakis
Gt 3 y90 duw 45" iloss gas [FY] ASTM ByYY 4 [£Y] SAE AMS vvya [f\] ASTM Bfoa J[f-] AMS T-

I Constitutive models
2 Ductility



5 ool glas Jailinl wos 5 4 SAE AMS s MIL a5 05 o slis ,bls it Jlab ylizmas s 500 55 § 4LAT Fguio
o ot oS 5 a5, S5 S closlT ASTM BYYY s SAE AMS VYY8 5 Jaibial 55 o aiiocs Ladlys
Sgue plill ;Sen ool oS5 ln )95 S oo lulivl (Y Jouz) aisS oo uinatns (S Jlez 50 HnSSS (pomsl Hlade
(Usb 3551 5 (UTS) Llyp s plSiomtol coabs plSomias] o) ot polss 5 cius (82 (gl Lol ilonis b6 (gloaiss
Y Jsaz 5o Jod JB (285 (ply Jlax 5 ¥ Joaz )3 J9ud JB (S Sz 5 (JBs sogace wlodged gy | (SLlI
55 ol oy gy 51 les,S 4] oad (6 IS by odd gz il sl |y ppolie ol o,liliel 8 1 el o 03]
o ey i glllie 45 4ty ol ASTM BYYY o Jailil L5 aul o oz 4 53 el iy 505 (olbcinglis (4238 sl
S5 gy Bllecsl, SAE AMS YVY0 o Jailiol il $8 HRC b ol wilys o oo o S ey b o SeilSa IS

W, 0925 el i ASTM Byvy paS Jb o cwlen S o bl lag, ( shgaily

& 2500
E |
2 Tungsten
=4
5 2000 Molybdenum Tantalum
c alloys
g alloys WHAs
n
2
@ 1500 _i
2
1000
|
500 ’ ’
WCu
Copper
0
Lead alloys
6 8 10 12 14 16 18 20

Density p [g/cm?]

I\ Y QUVRCTPRPITS N[ (51 BRPSO FICIR ST SUMIP 75| W[ IR 0K g9 L Z S PR | U3 WY -7 g 1)

Figure 3: Density and tensile strength of tungsten heavy alloys compared to some engineering alloys [38].
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Table 2: Classification of the composition, density, and hardness of tungsten heavy alloys according to SAE AMS and ASTM
standards [42,43]
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Table 3: Minimum tensile properties for tungsten heavy alloys according to SAE AMS and ASTM standards [42,43]
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TungstenHeavy Alloys Market by Product Type (2025)
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Figure 4: Comparison of the market share of each WHA system in 2025 [44].
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Figure 5: Comparison of the ultimate tensile strength and elongation for W-Ni—Co and W—Ni=Fe heavy alloys in the
unworked, swaged, and swaged+aged conditions [50,51].
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Table 4: Names of some commercial manufacturers of tungsten heavy alloys in alphabetical order
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Figure 6: Schematic illustration showing wher %&;are used in airplanes [53].
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Figure 7: Images of WHA components used as weights in a) the wing, b) the aileron, and c) the rudder [50].
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Figure 8: Images of crankshafts in a) a normal car and b) a race car.
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Figur mage of a vibration dampening weight for helicopter rotors [1,50].
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Table 5: Comparison of the properties for three
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Figure10: Aniimage of long boring bars made of heavy alloys [1].
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Table 6: Comparison of the linear attenuation coefficient (in cm) for a heavy alloy and pure lead [60]
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Figure 11: Plots of the a) linear attenuation coefficient and b) half-value layer versus photon energy for several radiation
shielding materials [58].
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Figure 13: Image of shieldings for oil prospecti well logging instrumentation using radioactive sources [1].
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Figure 14: a) a simple kinetic energy penetrator (KEP) specimen made of a heavy alloy [62], b) schematic of the components
of @ heavy-alloy KEP used as tank ammunition (1- windshield, 2- rod, 3- discarding sabot, 4- stabilizing fins, and 5-

propellant).[1], ¢) a 120 mm sub-caliber projectile with a heavy-alloy penetrator, prior to loading into the gun, and d) a 120
mm ballistic gun [64].
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Figure 15: Comparison of the penetration behavior of depleted uranium (DU) and tungsten heavy alloy (WHA) [37].
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Figure 16: Comparison of a) yield strength and b) el of the alloys used in the components of injection molds
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Figure 17: Comparison of a) thermal conductivity and b) thermal expansion of the alloys used in the components o @ n
molds [65].
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Figure 18: Sequence of stages in manufacturing tungsten heavy alloys via conventional powder metallurgy [70].
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Figure 19: a) Schematic of mechanical working during the swaging process [33] and b) a cold swaging machine in operation
[64].

399 &P b @SB Wl s -Y-F

B a5l sl 5l eazey JS Ly oles S8 4 Soaghlabad I VL 5l o8 el (S lajlT g o8 ads ol
)5 a5 IS 5 5SS e by uit Wl 4 cons andl ] agn se oslizal PIM) o5 30,5 b 55
D9l ol YJ|)9>' b ogi o0 bgle JT o O WEHE 85 anld cpl 0 0.5 0 plesl PIM 03 b (5 slasLT
00 B35 Axad (Al 0 p 5l ey D9800 B35 B (45,0 B ot g s o0 Dl STeS (Sl ) oy Ly
28 aS ol dahad o S,)1,> L g leLI;) ez Sldes 5l wi0eh oal pls i Mol a5 38 5 o0 7, IG5
I g ilag Olles 4y canl (\So Dyad 0,5 o )18 Le @ Ollee e Culyd )0 e oo 0auls }?;Y'mﬁ iz

el 00l 00sS prgas a4 Ve IS s PIM >1,6 i, 5l slaods [ov] asl 5L

! Powder Injection Molding
2 Feedstock
3 Brown body

AR



}

&l T
- = = r— ! = ./ .
/
Metal e | L/ 3 =
Powder Highshear |, — 9 _ ]
mixing Injection i Solution | | Thermal _51. Sintering
and 3 Moulding |9 | Debinding Debinding | g
Polymeric Pelletising | ® .§ §
Binder ] 3

Additional secondary processing.

ey 9
v A" I
;%:g/? Resizing , HIPheat treating, machining,

welding, surface finish, cleaning

O] 339218255 b (6505 A w5 b s (i IUT sl Jol po igy ¥+ JSCo
Figure 20: Sequence of stages in manufacturing tungsten heavy alloys via powder injection molding [52].
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Figure 21: Schematic of the printing technique in the BJ3DP process [71].
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Table 7: Comparative assessment of some key features of PM, PIM, and BJ3DP processes
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Figure 23: HIP unit with molybdenum heating elements used for the fabrication of a tungstenseavy alloy [76].
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Figure 24: a) A printed research specimen made of W-Ni—Cu and b) the SLM machine used to print it [82].

IAY] ouis 925 g 9 BMD g, b W=NI—Fe iz 31 oo iy (55 lindiznd Slalad y9 guad YO S

Figure 25: Image of research specimens printed from W-Ni—Fe using the BMD process and subseguently sintered [83].
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Figure 26: Micrographs of a fully dense W-Ni-Fe heavy alloy in the a) solid-state sintered.and b) liquid<phase sintered
conditions [46].
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Table 8: Comparison of some properties of a class 1 WHA in the solid-state sintered and liquid-phase sintered conditions
[3,50,60]
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