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1. INTRODUCTION

Materials science states that metal with the hexagonal
close-packed (HCP) lattice is a ductile solid, weakly
strengthening under mechanical treatment [1,2]. The
mobile <1120> dislocations that can move on both ba-
sal plane and prismatic plane are considerable plasticity
sources in an HCP-metal [3,4]. The empirical rule speaks
that the ratio between the lattice parameters c/a, which
depends on the chemical bonding, governs the defor-
mation behavior of an HCP-metal [1]. The basal slip and
the prismatic slip make the main contribution to the HCP-
metal’s plasticity when the ratio is close to the ideal
proportion (1.63). In contrast, the basal slip becomes
the dominating deformation mechanism when this pro-
portion becomes higher than 1.85 [1]. Mechanical twin-
ning is another channel for stress accommodation in a
crystalline solid, but its contribution to a HCP-metal’s
total plasticity is minor compared to the dislocation slip
[2]. Deformation behavior of the refractory HCP-metal
rhenium (T

melt 
= 3186 °C; c/a = 1.614) does not meet this

rule. It is a plastic solid in the single crystalline state [5],
while it demonstrates almost zero plasticity in the
polycrystalline form at room temperature [6]. Both basal
slip and prismatic slip are the dominant deformation

mechanisms in the single crystalline rhenium [7]. These
stress accommodation channels are also active in a
polycrystalline rhenium [8,9]; however, this circumstance
does not influence its total plasticity. This contradic-
tion became the puzzle of rhenium, which is not solved
until the present time [10]. Discussion of the rhenium
problem is the aim of this paper.

2. METALLURGY OF RHENIUM

It is well-known that refractory metals’ deformation
behavior is highly sensitive to the non-metallic con-
taminants in the metallic matrix. The dangerous impuri-
ties such as C, H, and O induce the dramatic lowering of
the grain boundaries’ cohesive strength and, hence,
dropping a refractory metal’s plasticity [11]. This cir-
cumstance makes the processing of refractory metals
more complicated than that of metals with low and aver-
age melting points. Therefore, the stage of deep refin-
ing is the most critical procedure in the manufacture of
rhenium and other refractory metals [12]. The electron
beam melting (EBM) is an effective method for the
pyrometallurgical refining of metals whose melting points
are higher than 2000 °C from non-metallic impurities [13].
EBM ingots with a coarse grain structure can be used

mechanism in rhenium at room temperature, as it takes place in zinc and ruthenium.
limited the malleability of rhenium work-pieces; it occurs because the basal slip is the primary deformation 
and varies from low under bending to considerable under shearing. The grain boundary sliding is the factor that 
The plasticity of the polycrystalline rhenium depends on the share of the tensile stress in the loading scheme
behavior in the single crystalline state, but sometimes it behaves like a brittle solid in the polycrystalline form.
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as work-pieces to manufacture rolling and wire from such
refractory metal as iridium [14]. Another technology
applied for refractory metals processing, including rhe-
nium, is the powder metallurgy (PM) [6]. Therefore, both
high pure PM metal and EBM metal are materials appro-
priate for mechanical treatment. The content of non-
metallic impurities in the EBM rhenium is about 10 ppm
that allows excluding the effect of impurity-induced frac-
ture. However, EBM Rhenium is an unmalleable material
at low homological temperatures, including room tem-
perature. On the contrary, PM metal is applied to manu-
facture rhenium wires and sheets despite the fact that
its impurities contents is higher than in the EBM
rhenium.

3. PLASTICITY OF THE SINGLE-
CRYSTALLINE RHENIUM

Analysis of a single crystal’s deformation behavior is
significant for examining the deformation mechanisms
activated in a metal [3,4]. Single-crystalline rhenium ex-
hibits some plasticity under tension (few percent of elon-
gation) by the dislocation slip at room temperature, while
deformation twinning accompanies its plastic deforma-
tion [5]. It is reported to be the usual behavior of an
HCP-metal in the single-crystalline state, excepting a
small elongation, which may be connected with the com-
plicated procedure of the crystal growing used in this
work, where the zone melting was applied.

The electron beam zone melting was also used to
produce bulk rhenium single crystals [7]. The rhenium
crystals were cylinders of 180 mm in length and 8 mm in
diameter, they were grown along [1123], [1015], and
[0001] axes. The electrochemical etching was applied to
prepare the samples (the length of the working part was
15 mm and its diameter was 3 mm) for the tensile testing.
The deformation behavior of single-crystalline rhenium
was examined under tension at 4.2, 77, 293, 523, 773, and
1273 K, including attestation of its deformation mecha-
nisms. The too-high data on the total plasticity were
obtained for this refractory HCP-metal. The samples’
total elongation was higher than 30% for all orientations
and testing temperatures and could reach 300% at 1273
K for the [1123] and [1015] axes. The authors claimed
that dislocation slip contributes to the plasticity of sin-
gle crystals. However, the deformation twinning also
makes a considerable contribution to the rhenium plas-
ticity. It should be noted that the conclusion done in [7]
does not meet the empirical knowledge on HCP-metals,
because the contribution of deformation twinning to
the total plasticity of an HCP-metal is minor compared
to the dislocation slip [1,2].

The electron beam zone melting was used to grow a
massive single crystal of rhenium (20 mm in diameter

and 150 mm in length; it grew along the a axis). The
samples for testing (parallelepipeds with 30x2x2 mm3)
were cut from the ingot by the spark erosion technique.
Their tensile axis was parallel to the a direction, and
working surfaces laid in the basal plane. After cutting,
the samples were mechanically abraded and
electropolished. The Vickers microhardness was meas-
ured in every piece before and after mechanical testing.
The work-piece for mechanical treatment was cut from
the single crystalline ingot, but, in contrast to iridium,
this approach did not allow to produce successfully
processed rhenium [15].

Due to the highest microhardness in the initial state
(7 GPa), the stress-strain curve of a rhenium single crys-
tal under tension could not be built. The samples were
creeping from the grips of the tensile facility. However,
the metallographic examination allowed estimating the
rhenium samples’ total plasticity and describing the de-
formation defects that appeared under loading before
and after the testing. The rhenium sample’s back sur-
face in the initial state and after the loading is demon-
strated in Fig. 1. The reference lines inflicted on the
pieces give information on the sample elongation. It was
shown that the rhenium single crystals exhibited 10-
15% of extension; after that, they began bending and
intensively creeping from the grip. The Vickers
microhardness increases to 10 GPa at the elongation
stage, while it did not change on the stage of bending.
The metallographic examination has shown that the ba-

Fig. 1. Deformation tracks distribution in single-crystal-
line rhenium under tension: a – the initial state; b – 1st

step (~10% of elongation); c – 2nd step (torsion).
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sal slip provides all samples’ plasticity on the elonga-
tion stage. The samples’ bending is accompanied by
the appearance of twin lamella, whose geometry is the
same as twins in the initial state. The results obtained
are close to the data reported in [5]. The total plasticity
of single-crystalline rhenium at room temperature is lim-
ited; at that, the main contribution makes the basal slip,
while the influence of mechanical twinning is minor. It
seems to be the usual deformation behavior of an HCP-
metallic crystal, where the basal slip is the dominant
deformation mechanism, such as zinc. The problem aris-
ing is that, according to the empirical rule, both basal
and prismatic slip should be active in rhenium because
its c/a = 1.614.

4. PLASTICITY OF
POLYCRYSTALLINE RHENIUM

According to the findings considered above, single-
crystalline rhenium behaves as a usual HCP-metal and,
hence, it should be a malleable substance in the
polycrystalline state. However, polycrystalline rhenium
demonstrates low malleability at room temperature. In-
deed, arc-melted rhenium [6] and EBM rhenium [16] ex-
hibit zero plasticity at room and elevated temperatures,
and, therefore, PM technology and electrodeposition
technology are used for the manufacture of rhenium
wires and sheets [6]. However, tensile testing at 1200 °C
in a vacuum has shown that sometimes polycrystalline
rhenium could display the ductile deformation behavior
[17], and, hence, it can be subjected to the mechanical
treatment. The recent TEM study agrees with this state-
ment because both basal slip and prismatic slip are the
dominant stress accommodation channels in
polycrystalline rhenium under tension and compression
at room temperature [8,9]. The interaction between twin
lamella and grain boundaries is the possible cause of
low plasticity in the polycrystalline rhenium at room tem-
perature [18]. However, this cause looks fairly exotic
even for refractory rhenium since the mechanical twin-
ning would not induce such dramatic changes in the
deformation behavior of an HCP-metal, which is an in-
trinsically ductile substance [1-3].

The rolling is the primary technological procedure
to manufacture metallic sheets and wires, it combines
tensile and compression loadings. Usually, the rolling
process is carried out at room or elevated temperatures
with intermediate annealing. Therefore, most experiments
on the mechanical treatment of polycrystalline rhenium
were done under this deformation scheme. We used PM
rhenium plates (0.5 mm in thick with the grain size of 20-
50 m) and EBM rhenium plates (1 mm in thick with the
grain size of 5-10 m) as work-pieces in a cold rolling
experiment. Vickers microhardness of the work-pieces
in the initial state was about 7 GPa. The rolling experi-
ments have shown that PM work-pieces fail on many
small pieces as soon as loading is applied. It confirms
the rule that PM metal should be processed at elevated
temperatures only.

On the contrary, EBM work-pieces withstood 15-
20% compression per one pass or a few passes of 3-5%
reduction per each. The microhardness of rolled EBM
work-pieces increased up to 8÷9 GPa, while they never
failed under processing. The limit (20% of reduction)
was caused by the demand to prevent damage to the
rolling mill’s high strength steel rolls. Formally, the re-
sults obtained point to the considerable plasticity of
EBM rhenium, which potentially could be processed at
elevated temperatures. The metallographic examination
of EBM work-pieces after the rolling has shown that
their back surfaces are extensively cracked (Fig. 2). How-
ever, it should be noted that it is a special kind of grain
boundary (GB) cracking because the cracks were stable
under loading. Usually, GB cracks in metals grow in a
brittle manner that induces a low malleability or techno-
logical brittleness of a metallic material. A similar situa-
tion occurs under the cold rolling of coarse-grained zinc
and cadmium, where the grain boundary sliding (GBS)
occurs [1]. The tensile stress induces GBS, which limits
the plasticity of the coarse-grained HCP-metal. Hence,
its plasticity should be maximal if the level of tensile
stress is close to zero.

This hypothesis is verified for the EBM rhenium
under the following deformation schemes: (1) three
points bending [19], (2) the shear testing [20], and (3)

15 mm

Fig. 2. EBM rhenium work-piece after the cold rolling: a – view after 5% reduction (optical microscopy); b –
intercrystalline cracks on the surface (scanning electron microscopy).
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the high-pressure torsion (HPT) [21]. The experiments,
where the portion of the tensile stress drops to zero
under HPT, were carried out for PM rhenium, EBM rhe-
nium, and coarse-grained Ti-4Al alloy. Stress-strain
curves of the model materials under bending and shear-
ing are given in Figs. 3 and 4, respectively. EBM rhe-
nium exhibits a brittle deformation behavior under bend-
ing, where the portion of tensile stress is maximal, while
PM metal and Ti-4Al alloy behave as a ductile solid.
The drop in the tensile stress under shearing causes
changing in the type of deformation behavior of EBM
rhenium from brittle to ductile. When the tensile stress
is absent in the loading scheme as it occurs under HPT,
EBM rhenium behaves as a ductile metal and withstands
a severe deformation despite a huge work-hardening;
the stable nano-crystalline structure is forming in the
initially coarse-grained EBM rhenium (Fig. 5).

5. DISCUSSION

The results obtained have shown that coarse-grained
rhenium plasticity depends on the share of tensile stress
in the loading scheme. It varies from a zero level in a
brittle solid under bending to a highly ductile state un-
der HPT. Excepting HPT, the dangerous crack in EBM
samples is growing along the GB oriented perpendicu-
larly to the tensile axis. However, it is not such a cata-
strophic growth as occurs under GB brittleness because
the work-pieces could exhibit considerable plasticity.
The most probable explanation of such deformation
behavior is the influence of GBS. Indeed, this effect is
inherent for coarse-grained HCP-metals, where the ba-
sal slip is the primary deformation mechanism. Accord-
ing to our investigations, rhenium meets this condition
at room temperature, until it does not meet the condi-
tions reported in [7-9]. However, this conflict with the

Fig. 3. Strength-strain curves under three points bend-
ing: curve 1 – EBM rhenium; curve 2 – PM rhenium;
curve 3 – Ti-4Al alloy.

Fig. 4. Stress-strain curves under shear testing: curve 1
– polycrystalline copper; curve 2 – Ti-4Al alloy; curve 3
– PM rhenium; curve 4 – EBM rhenium.

Fig. 5. Nano-grained structure formed in EBM rhenium
after HPT at room temperature.

empirical rule would not mean that it is not valid. It seems
that the law was formulated exclusively for HCP-metals
having low and average melting points.

In contrast, refractory HCP-metals were not exam-
ined in detail up to this time [1]. For example, another
refractory HCP-metal ruthenium (T

melt 
= 2334 °C, c/a =

1.568) also exhibits the basal slip as the dominant defor-
mation mechanism at room temperature [22]. Perhaps,
the basal slip as the primary deformation mechanism at
low homological temperatures is the intrinsic property
of a refractory HCP-metal.

Obtained results do not support the idea that power
work-hardening causes a low malleability of rhenium.
Of course, rhenium possesses the highest Vickers
microhardness among the metals; however, plastic de-
formation does not induce its considerable growth ex-
cepting the case of severe deformation under HPT.
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