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ABSTRACT
the evolution of liquid-phase methods for growing tungsten single crystals is analyzed. It is shown that methods of growing 
crystals with a single heating source cannot solve the problem of producing crystals of industrial sizes. super large tungsten 
crystals of various configurations can be produced using 3D technologies and combined plasma-induction heating. This method 
has already been used for growing single crystal plates, billets for large-format single crystal rolling, single crystal ingots and 
crucibles. the next step will be the creation of a technology for growing bulk super large tungsten single crystals.
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INTRODUCTION
at present additive 3D technologies cover practically 
all the spheres of human activity: material production, 
medicine, science and art. a wide-scale application of 
3D technologies is observed, particularly in mechani-
cal engineering. schweissen und schneiden fair held in 
September, 2023 in Essen, Germany can be a confirma-
tion of this. novel technologies are actively used in unit 
and small-scale production; they are introduced for man-
ufacturing complex-shaped parts, for instance turbine 
blades, impellers, etc. manufacturers note a high level 
of properties of the product metal, due to formation of 
a fine-grained structure, which can be assessed by grain 
size corresponding to numbers 6–10 [1].

Products are made from different metals and al-
loys: low- and high-alloyed and stainless steels, nickel 
alloys, aluminium-, copper-based alloys, etc., as well 
as plastics [2]. the 3D process uses initial materials in 
the form of wire or powder. heating sources applied 
in metal product manufacturing are given in table 1.

however, at application of 3D technologies in 
manufacture of parts from refractory metals and al-
loys (tm > 2000 °c) problems arise because of the 
high temperature gradient, leading to internal stress 
formation. as regards refractory metals, known is a 
small number of works, reporting application of 3D 
technologies to manufacture products from molybde-
num, tantalum, and tungsten [3, 4]. so, the publica-

tions give an example of application of additive wire 
surfacing technology (figure 1).

further heat treatment of the ingot does not solve 
the problem of stress relieving, as the process of grain 
recrystallization and growth begins.

tungsten ingots and products are not prone to 
recrystallization at heating, if they have a single 
crystal structure. traditionally, tungsten single crys-
tals are grown in the form of rods of up to 25 mm 
diameter. considering the high melting temperature 
(W = 3690 K), high energy density sources of electric 
heating are used for tungsten single crystal growing, 
namely the electron beam or low-temperature plasma 
arc. attempts to grow sound crystals of a larger diam-
eter failed. The cause for it is the negative influence of 
the scale factor, which leads to high internal stresses.

Increase of linear dimensions of single crystals leads 
to two problems, namely containing the melt being de-
posited on the pool surface (tungsten has a very high den-
sity of 19.3 g/cm3) and high thermomechanical stresses 
in the single crystal body (which is related to a high 
temperature gradient). high thermomechanical stresses 
promote generation of an additional number of disloca-
tions (dislocation density may reach 107–108 cm‒2) and 
disorientation of sub-grains, which significantly impairs 
the single crystal structure quality.

a PwI development became an innovative solu-
tion, namely creation of plasma-induction 3D tech-
nology of growing super large single crystals of 
tungsten and molybdenum of different shape: plates, 
ingots and crucibles. theoretically, this method does 
not have any limitations as to the size of the grown 
crystals. It can be implemented in practice through 
correct organization of preheating and creation of 
specified thermal conditions. Figure 2 presents a di-
agram of the unit for additive growth of refractory 
metal single crystals in the form of plates using the 
plasma-induction method.

Table 1. heating sources, used in 3D technology

type of power source number of real processes, %

laser ~ 60
electric arc ~30‒35

electron beam ~5‒10



31

3d technology of groWing large tungsten crystals                                                                                                                                                                                                    

                                                                                                                                                                               

EQUIPMENT AND MATERIALS
to solve the problem of growing large and high-qual-
ity tungsten single crystals, the objective of develop-
ment of the appropriate technology was set. the idea 
of simultaneous application of two different sourc-
es of electric heating, namely plasma and induction 
sources was proposed by PWI specialists for the first 
time. each of the above heating sources has its func-
tions: plasma-arc one creates a moving local metal 
pool on the face of the crystal being built-up, remelts 
the consumable rods, fed into the melting zone, and 
forms the single crystal body of the specified configu-
ration; induction source contains the local metal pool 
from spilling and creates the specified temperature 
field in the crystal body.

Additional heating of the crystal significantly 
reduces the radial and axial temperature gradients, 
which promotes lowering of the dislocation density 
and internal stresses and formation of a more per-
fect structure. In this case, despite the use of a local 
pool, which forms the single crystal while moving, no 
stresses develop in the crystal, which would promote 
crack initiation and increase of the number of dislo-
cations. at such temperatures the dislocations anni-
hilate and at evaluation of the single crystal quality 

their number does not exceed 1∙106 mm–2. the tech-
nology completely eliminates cracking or fracture of 
the crystals, either in the process of growing or during 
part manufacturing.

the essence of the method consists in that plas-
matron, while performing a reciprocating movement, 
displaces the metal pool, which, while being replen-
ished through rod remelting, forms the crystal layer 
by layer, being essentially similar to additive arc sur-
facing. after each plasmatron pass the single crystal 
is lowered to the height of the deposited layer, thus 
ensuring stable conditions for the growing process.

this method was used to develop equipment (fig-
ure 3) and technology of growing profiled single crys-
tals of refractory metals (tungsten and molybdenum) 
in the form of plates (figure 4).

the crystal forms under the conditions of heating 
by an inductor high-frequency field to temperatures, 
characteristic for hot deformation range. It is known 
that at these temperatures dislocation movement takes 
place under a simultaneous impact of external stresses 
and temperature. Dislocations turn out to be not rigidly 
attached to “their” slip plane, and they can move from 
one plane into another one, choosing the easiest path. 
this is regarded as an additional degree of freedom 
of dislocations. at such an unregulated movement of 
dislocations the probability of their collision becomes 
higher, and thus, the number of their annihilation cas-

Figure 1. formation of coarse-grained polycrystalline structure and cracks from internal thermal stresses in a tungsten ingot, produced 
at wire and indirect arc surfacing (a), microstructure of the cross-section (b) and after heat treatment (c)

Figure 2. schematic of the unit for additive growing of refractory 
metal single crystals using plasma-induction method: 1 — plas-
matron; 2 — consumable rod; 3 — rod feed mechanism; 4 — in-
ductor; 5 — seed crystal; 6 — plasma arc; 7 — local pool; 8 — 
single crystal

Figure 3. unit for growing refractory metal single crystals in the 
form of plates
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es rises (their density is decreased) on the one hand, 
and on the other hand — their proneness to forma-
tion of regular dislocation structures characterized by 
dislocation coalescence into low-angle boundaries, 
is increased. conditions, as which the single crystal 
forms, ensure a higher quality of the single crystal 
structure, than with the methods, where no additional 
heating is used (electron beam and plasma-arc).

crystals grown with application of the above 
method have not as smooth side surface, but it does 
not prevent their use without any additional machin-
ing as billets for wide-format rolling.

the developed additive technology of 3D growing 
large commercial purity single crystals of refractory 
metals is based on the conducted long-term thorough 
investigations, which allowed establishing and study-
ing the following:

● thermal field distribution in the single crystal us-
ing mathematical models and experimental data;

● working ranges of the change of technological 
parameters of crystal growth process;

● structural characteristics and regularities of 
structure formation in the grown single crystals.

calibrated tungsten rods of 8 mm dia, 800 mm 
length and W ≥ 99.97 wt.% purity were used as con-
sumable materials for replenishing the pool (table 2).

EXPERIMENTAL STUDIES 
AND DISCUSSION OF THE RESULTS
further study of the process enabled development of 
a new unit for 3D growing of super large tungsten sin-
gle crystals in the form of bodies of rotation, based on 
the same principles (figure 5).

Developed equipment is a qualitatively new gen-
eration of equipment, featuring a completely comput-
erized system of controlling the actuators, sensors of 
displacement and control of single crystal growth pro-
cess. the design envisages the possibility of growing 
single crystals in the form of bodies of rotation (cylin-
der or hollow cylinder) of up to 100 mm outer diame-
ter. at present a thermal unit has been developed, and 
optimization of the technology of growing tungsten 
single crystals of 85 mm diameter is going on.

the developed technology is fundamentally based on 
the technology of growing flat single crystals. Howev-
er, in the new unit the crystal is continuously rotating 
around a vertical axis. a cylindrical billet made from a 
flat single crystal of a set orientation is used as a seed 
crystal. figure 6 shows a photo of the process of sin-
gle crystal growing, where arrows mark the direction of 
feeding the consumable rod into the plasma arc meting 
zone and the direction of single crystal rotation.

Building up takes place layer-by-layer due to 
movement of the local pool and the plasmatron from 
the central to the peripheral parts so that the liquid 
pool covers the entire surface and the previous depos-
ited layer. after layer deposition on the entire upper 
surface of the crystal, it is lowered down. equipment 
allows feeding the rods from both sides, both in the 
ingot center, and with radial displacement relative to 
the center. figure 7 shows a tungsten crystal of 85 mm 
diameter with 90 mm of built-up layers [5].

at this stage after technology optimization prelimi-
nary evaluation of single crystallinity of the produced in-
got was performed using chemical etching of the surface 
in a mixture of equal volume fractions of hydrofluoric 
and nitric acids. the ingot surface etched in such a way 
had alternating longitudinal (vertical) matte and shiny 
stripes characteristic for single crystals. the pattern of 

Figure 4. Appearance of flat tungsten single crystals of 
170×160×20 mm dimensions

Figure 5. new unit with computer control for growing refractory 
metal single crystals in the form of bodies of rotation

Table 2. chemical composition of 8 mm tungsten rods

element si mg sn ni al mo n c

wt.% <0.001 0.0001 <0.0001 0.0002 0.0002 0.017 0.002 0.001
element as sb Pb fe Bi ca P O

wt.% <0.0001 <0.0001 <0.0001 0.0013 <0.0001 <0.001 <0.001 0.0046
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stripe distribution was indicative of the provided by the 
seed crystal heredity of the single crystal structure and 
absence of sub-blocks of another crystallographic orien-
tation on the ingot side surface.

the next step in development of the technologies 
of growing super large tungsten single crystals was 
an attempt to grow a crystal in the form of a hollow 
cylinder, as a billet for manufacturing crucibles and 
pipes. It resulted in growing by the novel 3D technol-
ogy a tungsten crystal in the form of a hollow cylinder 
on a continuous seed single crystal of 85 mm diameter 
for the first time in the world. The grown crystal has 
a built-up wall of 68 mm height and 20–22 mm thick-
ness (figure 8). surface examination after ingot etch-
ing by chemical reagents showed the heredity of the 
structure from the seed single crystal and all the signs 
of structure single crystallinity in the entire crystal.

microstructural studies yielded the average value 
of 4150 mPa for the vertical plane, and 3840 mPa for 
the horizontal plane. a pronounced difference in mi-
crohardness in different planes points to anisotropy of 
properties, characteristic for the single crystal structure. 
variations of microhardness values within 10 % in one 
plane is attributable to structural inhomogeneity of metal 

single crystals, consisting of sub-blocks and subgrains 
with low misorientation angles of up to 3°.

CONCLUSIONS
a unique additive 3D technology of growing refracto-
ry metal single crystals in the form of 170‒160‒20 mm 
plates and bodies of rotation (cylinder and hollow 
cylinder) of 85 mm diameter was developed at PwI. 
the next step was optimization of the technology of 
growing tungsten single crystals in the form of hol-
low bodies of rotation. an ingot of 85 mm diameter, 
20–22 mm wall thickness (for hollow ingots) and 
68 mm height was grown. such a shape will allow 
using tungsten as tubular billets, for manufacturing 
elements of a complex curvature or crucibles.
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Trend forums, expert meetings and themed pavilions 
for stainless steel, hydrogen, other regenerative 
energy carriers, separating and cutting, plastic 
pipes & tubes and fi nished products for Fastener & 
Spring Making Technologies will be in focus.
Ranges on display at wire 2024, wire will be 
staged in exhibition halls 9 to 17 in 2024. It will be 

as big as ever, occupying some 66,900 square metres of exhibition space. With 1,026 exhibitors from 60 countries it will 
even surpass pre-pandemic levels.
On show will be machinery and equipment for the manufacture and processing of wire, fi nished products at Fasteners & 
Springs, tools and auxiliaries for process engineering, materials, glass fi bre technologies, special wires and cable as well 
as innovations from sensor, control and testing technology
In addition to wire and cable machinery producers, wire and cable products and glass fi bre technologies, impressive 
wire mesh welding machines will be displayed in Hall 17. These pose logistics with particular challenges because thick 
cables have to be laid and connected in the supply ducts to transport the electric power this heavy machinery requires 
for its live operations.
Fastener & Spring Making Technologies and their fi nished products in Hall 16. Here the complete value chain 
for fasteners and springs can be found: from raw materials, machinery and equipment to fasteners, connectors and 
industrial springs. This once again makes #wire Düsseldorf 2024 a highly topical information and order platform for the 
producers, dealers and buyers of screws, brackets, construction components and fi ttings, all types of springs and wire 
bending parts.
Ranges on display at Tube 2024. Tube also enjoys excellent booking levels. So far, 768 exhibitors from 49 countries 
have registered. They will occupy a total of 49,600 square metres’ exhibition space in Halls 1 to 7.1.
Tube 2024 presents the entire process chain of the tube & pipe industry — in a focused and compact array: machinery and 
equipment for manufacturing pipes and tubes, fi nishing and processing of pipes & tubes as well as raw materials, plastic 
pipes, tube products and accessories, used machinery, tools for process engineering, auxiliaries, sensor technology, 
control, measuring and testing technology all form part of the extensive ranges. This line-up is complemented by tube & 
pipe, pipeline, OCTG technology and profi le trading.
International satellites in booming markets of the future. Over a time span of almost 40 years wire and Tube 
Düsseldorf have developed into the leading trade fairs for their industries — now also “giving birth” to satellite events 
on the Wire, Cable and Tubes & Pipes themes. In their regions, they are the market leaders and drivers for the local 
industries and boast high growth potential. Satellites in Turkey, Egypt, Mexico, China, Thailand and India now already 
form an integral part of the growing portfolio of the Metal and Flow Technologies made by Messe Düsseldorf.
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