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Abstract
Nowadays, selective laser melting (SLM) represents an option for manufacturing parts from titanium
alloys, especially from Ti-6Al-4V alloy. However, mechanical properties of parts made of Ti-6Al-4V such as
ductility and fatigue resistance are signi�cantly lower than that for conventional manufactured parts. One
of the promising ways to improve mechanical properties of SLM parts can be the use of deformation
post-processing, for example, combining SLM with subsequent die forging.

Therefore, the aim of the present study is to investigate the rheological properties and microstructure
evolution of Ti-6Al-4V titanium alloy fabricated by SLM under temperatures of cold and hot deformation.
The tests of cylindrical samples made of Ti-6Al-4V alloy was performed using a plastometer in the
temperature range of 20–1200 °C, at strain rate ξ of 1 s− 1 up to strain e of 0.85. To evaluate the effect of
manufacturing method of samples on �ow behaviour and microstructure evolution of the material, the
samples made of Ti-6Al-4V alloy fabricated by conventional technology were tested under the same
conditions.

The differences in the �ow behaviour of SLM and conventional manufactured samples from Ti-6Al-4V
which were signi�cant at test temperatures of 20–900 °С were analysed and explained. In contrast to
conventional manufactured parts, SLM-produced Ti-6Al-4V reveal higher peak stresses in the �ow curves
and temperature sensitivity of �ow stresses. This in turn leads to high inhomogeneity of deformation of
SLM-produced parts.

1. Introduction
Additive manufacturing (AM), the layer-by-layer building-up of parts from metals and alloys represents an
option for small scale production due to advantages compared to conventional manufacturing such as
reduction in lead-time, reduced material wastage, freedom in the design of the parts [1–8]. The
opportunity of manufacturing of metal parts of any complexity in a short term is especially important in
aerospace and medical industries, since their manufacturing via conventional technologies including
casting, metal forming and subsequent machining is expensive and time-consuming process. In these
industry �elds, Ti-6Al-4V titanium alloy is of great interest due to its high strength, low density, excellent
corrosion resistance and biocompatibility [8–10]. Approximately 50 % of all titanium alloys used in
aerospace fall to the lot of Ti-6Al-4V alloy. Among different methods of AM of parts from Ti-6Al-4V alloy,
selective laser melting (SLM) is widely used [9–19].

In view of this, the study of strength, plastic and fatigue properties of SLM-produced Ti-6Al-4V alloy and
its applicability for responsible parts is of special interest [8, 9, 11, 12, 13, 15, 16, 20–28]. Table 1 presents
a summary of the mechanical properties of Ti-6Al-4V alloy produced by SLM of different conditions –
initial condition (as-built) not machined, machined, stress-relieved, annealed, after hot isostatic pressing
(HIP) in comparison with material produced by conventional manufacturing methods – cast, wrought,
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wrought and mill annealed. Spread in values in Table 1 is explained by choice of different process
parameters.

As can be seen from Table 1, strength properties of as-built SLM-produced Ti-6Al-4V alloy without any
post-treatment are comparable with those for wrought material, but ductility and fatigue life are
signi�cantly lower. Heat treatment allow to slightly improve ductility and fatigue life of SLM-produced Ti-
6Al-4V, however their values still less than those for wrought Ti-6Al-4V. Besides, it must be noted greater
spread in values of mechanical properties of SLM-produced Ti-6Al-4V. To make both ductility and fatigue
life of SLM-produced Ti-6Al-4V comparable to wrought, special treatment by HIP is necessary. HIP allows
removing bulk defects, undesirable martensitic microstructure, porosity, residual stresses which are
typical for as-built SLM-produced Ti-6Al-4V [7, 8, 29]. However, HIP is very expensive process due to high
equipment cost, besides it’s necessary to note limitations related to treatment of large-scale parts [30].

As shown above, in order to improve the mechanical properties and reliability of parts produced by SLM,
a thermo-mechanical post-treatment is necessary. An alternative to SLM with subsequent HIP can be a
combination SLM with deformation post-treatment. One strategy is presented in [31–36]. In [31], the
technology of AM including plastic deformation each built-up layer by the roller is suggested. This
method provides better mechanical properties for Ti-6Al-4V in comparison with wrought alloy. In [32, 33],
the method of ultrasonic AM which includes rolling each built-up layer by the roller with oscillation along
its axis is presented. In [36], deformation is suggested to be applied by a hammer immediately after
deposition. Described methods of deformation post-treatment allow decreasing grain size and porosity in
AM-parts.

Another strategy is described in [37–39]. Semiatin S.L. [37], Sizova I., Bambach M. [38, 39] suggested
novel processing route “AM + hot forming” consisting of two stage. At the �rst stage, an appropriate pre-
form from Ti-6Al-4V is produced by SLM and at the second one, built pre-form undergoes die forging with
the aim to obtain �nal dimensions and mechanical properties of the part. This method is of special
interest because it combines advantages of SLM and die forging. On the one hand the processing route
“SLM + hot forming” compared to conventional route “cast + forging + machining” provides signi�cant
reduction of processing route steps, reduction in lead-time and in material wastage at the same level of
mechanical properties of parts, on the other hand suggested processing route compared to SLM provides
high performance characteristics without expensive downstream post-processing by HIP. Processing
route “SLM + hot forming” is especially e�cient for producing parts from Ti-6Al-4V titanium alloy but
applicable for large-scale and mass production.

To develop this approach, it is necessary to know stress-strain curves, �ow behaviour and microstructure
evolution of Ti-6Al-4V alloy. There are several studies related to rheological properties of AM Ti-6Al-4V
alloy [8, 11, 13, 15, 37, 38, 39]. In [8, 11, 13, 15], tensile curves at room temperature of SLM-produced Ti-
6Al-4V are presented only. Such tests are carried out at room temperature up to strains e equal to 0.12–
0.15 and don’t correspond to hot working conditions. In [37], stress-strain curves of laser-deposited Ti-6Al-
4V obtained via hot compression method at temperatures from 815 to 1010 °C, at strain rates ξ of 0.1
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and 5.0 s− 1 up to a true strain e of 0.9 are given. In [38, 39], stress-strain curves of SLM-produced Ti-6Al-
4V obtained via hot compression method at temperatures from 850 to 1000 °C, at strain rates ξ from
0.001 to 1.0 s− 1 up to a true strain e of 0.9 are presented. Besides, it is worth to mention the stress-strain
curves of conventional manufactured Ti-6Al-4V in [40–50]. Bambach and Sizova [38, 39] reported that
�ow stresses of SLM-produced Ti-6Al-4V show lower values than that of conventional wrought in the
temperature range of 850–950 °C. This can relate to a different initial microstructure of SLM-produced
and conventional wrought materials.

Published studies on stress-strain curves of SLM-produced Ti-6Al-4V was made under isothermal
condition in the temperature range 850–1000 °C, however the difference in temperatures in individual
regions of the parts during die forging (which is typically non-isothermal process) may be large and reach
values of 100–160 °C [45, 51]. In turn, a large temperature gradient leads to an inhomogeneous
deformation of forgings. For this reason, the aim of this study is to investigate the �ow curves and �ow
behaviour of SLM-produced Ti-6Al-4V alloy in the wide temperature range in comparison with
conventional wrought Ti-6Al-4V alloy. In addition, microstructure evolution, softening rate and
temperature sensitivity of SLM-produced Ti-6Al-4V also were assessed. This data can be used in the
design of processing route “SLM + hot forming” of parts from Ti-6Al-4V alloy.

2. Materials And Methods
Cylindrical samples from Ti-6Al-4V titanium alloy were fabricated on an EOSINT M 280 additive machine
by SLM method at the Regional Engineering Centre of Additive Technologies of Ural Federal University.
Axis of the samples was parallel to the build direction. For producing titanium alloy samples, laser power
was equal to 200 W, a scan speed was equal to 2 m/s, powder with spherical morphology and particle
size 20 – 35 μm was used. Chemical composition of Ti-6Al-4V alloy (EOS’s data) is given in Table 2.
Samples from SLM-produced Ti-6Al-4V alloy were tested in as-built condition, without machining. 

                In order to compare the �ow curves and �ow behaviour of Ti-6Al-4V alloy obtained in different
ways and to evaluate the effect of manufacturing method, samples made of titanium alloy VT6, which is
Russian analogue of Ti-6Al-4V alloy, were also tested under the same conditions. Chemical composition
of VT6 alloy is also given in Table 2. Samples from VT6 alloy were fabricated from hot-rolled and
annealed bars. For convenience, we will assume hereinafter that VT6 alloy is wrought Ti-6Al-4V.

                Cylindrical samples from Ti-6Al-4V alloy 10 mm in diameter and 14 mm in height, samples from
VT6 alloy 10 mm in diameter and 15 mm in height were used for hot compression testing.     

                Flow curves of Ti-6Al-4V alloy produced by SLM and conventional technology were studied
using the cam plastometer with a working force up to 1500 kN placed at the collective use centre
«Plastometriya» of the Institute of Engineering Science of the Ural Branch of the Russian Academy of
Sciences by isothermal hot compression of cylindrical samples according to the procedure described in
[52 – 53]. Hot compression tests of the samples were carried out in the temperature range of 20 – 1200
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°С with heating of the samples and dies from room temperature. The strain rate ξ was equal to 1.0 s-1

and was held constant during the whole process of compression due to the corresponding cam pro�le
and automated regulated electric drive. Characteristic temperatures for Ti-6Al-4V alloy are: 450 – 550 °С
– ageing temperature; 800 °С – annealing temperature; 850 – 950 °С – recrystallization temperature; 995
°С – β transus temperature [40].

                Before loading into the furnace for heating, samples were placed into a special cylindrical
container (Fig. 1) on a centre of deforming anvils made of special heat-resistant alloy and insulated with
kaolin wadding. Container is used in order to maintain temperature during testing. Temperature
measurements on the sample surface inside the container with the use of thermocouple show that
temperature is held constant during 10 – 20 s, so hot compression test which takes much less time can
be considered as isothermal. To provide the uniform compression and uniaxial compressive stress state
at temperatures above 700 °С, a lubricant in the form of ground glass containing 55 % 55 % SiO2, 7 %
BO2, 21 % Al2O3, 14 % CaO was used, at temperatures below 700 °С a graphite lubricant was used.
Heating samples to test temperatures was performed in an electric furnace along with the container until
a uniform temperature was achieved throughout the cross section of the sample.

                After attaining a speci�ed temperature, container with a sample is extracted from the furnace
and placed into a working place of the plastometer on the load cell along its axis, then the sample is
immediately compressed with an automatic registration of current height and force on a computer.
Registered compressing parameters is processed using a program by formula σs = Р/F, where P is the
measured force, F is the calculated cross section area. As a result, the �ow curves of the materials were
obtained. 

                Additionally, metallographic studies of the samples made of SLM and wrought Ti-6Al-4V alloys
after etching in the agent (20 ml of HF + 20 ml HNO3 + 60 ml of water) were performed by means of
optical metallography. Their microhardness was also measured on microhardness tester with an
integrated optical microscope Shumadzu HMV-G21DT. 

3. Results And Discussion

3.1. Initial microstructure of SLM-produced and wrought Ti-
6Al-4V
Results of the study of the microstructure of SLM-produced and conventional wrought Ti-6Al-4V alloy on
an optical microscope are presented in Fig. 2. Figure 2a, b presents the microstructure of wrought Ti-6Al-
4V alloy without and with etching respectively, Fig. 2c, d – the microstructure of SLM-produced Ti-6Al-4V
alloy without and with etching respectively. From Fig. 2a, b it is seen that in the microstructure of wrought
Ti-6Al-4V alloy the grains of initial β-phase are not noticeable, boundaries of β-grains are not expressed,
strongly marked α-colonies are absent. α-phase laths intersect between themselves forming peculiar
pattern “basket weave”.
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From Fig. 2c, d it is seen that the microstructure of as-built SLM-produced Ti-6Al-4V alloy consists of a
�ne needle-shaped α -phase divided by interlayers of β-phase inside the elongated β-grains. The
microstructure shows that α-phase is �ne enough because of high cooling and crystallization rate. The
same observations were made in studies [9, 11, 15, 38, 39]. Grains of β-phase are elongated in one
direction, along the direction of grain growth during SLM process. This can lead to the anisotropy of
properties, low level of plasticity and cyclic load resistance.

In the SLM-produced parts, in addition to the speci�c structure, defects may be present – mainly voids
and lack of fusion [54]. Although no voids and microcracks were detected on the sample surface by
optical microscopy, in [8, 26] it is reported that porosity is actually very common in SLM-produced parts. A
porosity of 0.23 % in SLM-produced samples was detected with the use of X-ray tomography in [26],
porosity of 0.023–0.37 % in [8]. Vickers microhardness HV is 367 for SLM-produced Ti-6Al-4V alloy, and
337 for wrought Ti-6Al-4V alloy.

3.2. Flow behaviour of SLM-produced and wrought Ti-6Al-
4V
Flow curves of SLM-produced and conventional wrought Ti-6Al-4V titanium alloy in the form of
dependence of �ow stress σs on true strain е (e = ln(h0/hi), where h0 and hi are initial and current sample
height, respectively) are presented in Fig. 3 at different test temperatures. From Fig. 3b, c, it is seen that
the �ow stresses of as-built SLM-produced material higher than that of conventional wrought in the
temperature range from 600 to 900 °C, i.e. when deformation occurs in (α + β)-�eld. Moreover, at these
temperatures �ow stress behaviour of SLM and wrought material is different – SLM-produced Ti-6Al-4V
shows pronounced peak stress with subsequent intensive softening. Due to intensive softening of SLM
material, its �ow stress can even become less than that of wrought material – at temperature of 600 °C
and strain of 0.38 and above, at temperature of 700 °C and strain of 0.34 and above, at temperature of
800 °C and strain of 0.39 and above. The difference in the values of �ow stresses of both materials is
increasing with decrease in the deformation temperature. Flow curves of SLM-produced Ti-6Al-4V alloy
were compared with the ones of SLM Ti-6Al-4V and Ti-6Al-4V with martensitic microstructure of other
authors [38, 39, 42, 44]. Comparison with the published studies shows similar �ow behaviour and values
of �ow stresses under the same thermomechanical condition.

Differences in the values of �ow stresses and �ow behaviour of SLM-produced and conventional wrought
materials are well explained by their initial microstructure. According to [41, 44], the �ow stress increases
with decreasing in α-lath thickness due to the Hall-Petch effect, therefore samples with martensitic
microstructure (SLM-produced) will have higher level of �ow stresses than the ones with lamellar
microstructure (wrought) under the same test condition. From Fig. 2, approximate α-lath thickness of
SLM-produced Ti-6Al-4V alloy is less than 1 µm, while approximate α-lath thickness of wrought Ti-6Al-4V
alloy is in the range of 2–5 µm.

Flow stresses of SLM and wrought materials are close to each other in the temperature range from 1000
to 1200 °C, i.e. when deformation occurs in β-�eld. This observation is in agreement with [37, 38, 39]. Both



Page 7/22

material under deformation in single β-�eld exhibit nearly steady-state stresses and no softening. This
phenomenon probably related to dynamic recovery [40]. It is also worth to mention that �nal die forging in
β-�eld is undesirable because of coarse �nal microstructure of the parts.

As was mentioned above, �ow curves of SLM-produced Ti-6Al-4V alloy exhibit pronounced peak stress at
temperatures of 600–900 °C and at strains of 0.09–0.12 with subsequent long stage of softening. Peak
stresses are explained by the following. XRD analysis of as-built SLM-produced Ti-6Al-4V alloy performed
by Facchini et al. [15] indicates the presence of hexagonal close packed (hcp) phase only. Limited
number of slip modes inherent in the hcp-lattice in turn lead to sharp hardening and presence of peak
stress [41, 47]. The �ow softening observed in �ow curves for SLM-produced Ti–6Al–4V alloy (Fig. 3b, c)
is a consequence of commonly two possible sources – due to deformation heating and microstructure
changes [40, 47]. The latest consists of changes in phase morphology, substructure, and texture. From
point of view of theory analysis, in [41, 55] it was suggested that �ow softening is a result of the loss of
Hall-Petch strength associated with (α + β) interfaces.

3.3. Deformation behaviour and temperature sensitivity of
SLM-produced and wrought Ti-6Al-4V
General view of the samples from as-built SLM-produced and conventional wrought Ti-6Al-4V after
deformation at different temperatures is presented in Figs. 4 and 5 respectively. As seen in Fig. 4, SLM
samples have fractured at temperatures of 20, 400 and 500 °С. At temperatures of 600–800 °С, an
extremely non-uniform deformation of SLM samples occurs: at temperature of 600 °С offset of one end
of the sample relative to the other was observed, at temperatures of 700 and 800 °С – a double barrel
formation. At temperatures of 900–1200 °С, deformation of SLM samples was quite uniform, dimensions
of barrel lay within the normal limits.

Figure 5 show that deformation of wrought material in the whole temperature range of 400–1200 °С was
quite uniform: no fracture and non-uniformity of deformation inherent to SLM material were observed.
Wrought material has fractured at temperature of 20 °С only.

Described features of deformation behaviour of SLM-produced Ti-6Al-4V at temperatures of 20–800 °С
and especially reasons for such behaviour is of practical interest because this can lead to defects and
quality impairment of �nal parts after hot forming operations. Possible reasons can be ascribed to the
initial martensitic microstructure, anisotropy of properties, residual stresses and defects of SLM-produced
material. Bambach et al. [39] show the anisotropy has negligible effect on the �ow behaviour via hot
compression testing of samples with different building direction. The most probable reason is the
following. As seen in Fig. 4, the samples failed at temperatures of 20, 400 and 500 °С by shear fracturing.
It’s obvious that the shear crack occurs at an angle of 45° relative to the load direction. Li et al. [56] show
that this type of fracture is initiated by the onset of intense �ow instabilities caused by adiabatic shear
band formation. Adiabatic shear bands are observed at temperatures up to 600 °С. Moreover,
microstructure analysis revealed that void defects and lack-of-fusion pores inherent to SLM material are
likely to become the nucleation sites for adiabatic shear bands and microcracks [56, 57].
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High plastic �ow instability at temperatures of 700–800 °C of SLM material compared to wrought is a
consequence of its high temperature sensitivity (Fig. 6) and softening rate (Fig. 7). In Fig. 6, it is seen that
SLM-produced Ti-6Al-4V is more sensitive to deformation temperature than conventional wrought. At the
same non-uniformity of temperature ΔT, SLM material will have higher non-uniformity of stresses Δσ
than wrought material. Besides, non-uniformity of stresses Δσ will increase with decrease in deformation
temperature T. Since processes of die forging are typically non-isothermal processes, temperature
sensitivity of SLM material must be taken into account when designing processing route.

Another factor which enhances �ow instability is softening rate (Fig. 7). Softening rate can be determined
by σp/σss ratio suggested in [58], where σp – peak stress, σss – steady state stress. It is known that more
uniform deformation is observed for hardening materials. Since the �ow stresses increase in the
deformed zones of material during compression, further deformation occurs in the non-hardened zones.
Due to this phenomenon the deformation distribution in the blank becomes more uniform. There is
reverse situation for softening material – deformed zones of material become softer, so further
deformation occurs in the same deformed zones forming high deformation gradient. This phenomenon is
also described in [43]. In Fig. 7, it is seen that SLM material is highly softening material in comparison
with wrought – σp/σss ratio is 2 times greater than that of wrought at temperature of 700 °C, 1.5 times
greater at temperature of 800 °C, 1.16 times greater at temperature of 900 °C, 1.06 times greater at
temperature of 1000 °C.

To illustrate the differences in deformation gradient between SLM-produced and wrought material,
simulation by �nite-element method (FEM) was made in the program Deform − 3D. For FEM-simulation,
process of isothermal compression of samples from SLM and wrought Ti-6Al-4V alloy was accepted,
obtained �ow curves of both materials (Fig. 3) were used. Boundary conditions corresponded to
conditions of real compression of SLM and wrought samples (Sect. 2). Deformation gradient was
obtained for wrought (Fig. 8, a) and SLM-produced (Fig. 8, b) samples at temperature of 900 °C. In Fig. 8,
highly inhomogeneous deformation can be observed for SLM-produced Ti-6Al-4V – after deformation
strain effective in the centre of the sample is 1.2, on the end – 0.2, while strain effective in the centre of
the wrought sample is 0.9, on the end – 0.3. It is obvious that at lower deformation temperatures, the
deformation inhomogeneity will be even more pronounced. Based on this, it is necessary to control the
temperature in the deformation zone for the processes of deformation post-treatment in-situ (plastic
deformation of each built-up layers) and apply isothermal die forging for the processing route “SLM + hot
forming”.

3.4. Microstructure of SLM-produced and wrought Ti-6Al-4V
after deformation
As shown in Sect. 3.1, initial microstructure of wrought Ti-6Al-4V represents “basket weave” of α-laths,
while initial microstructure of SLM-produced Ti-6Al-4V – α -martensite inside β grains elongated along
building direction.
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After deformation in (α + β)-�eld, globularization of wrought Ti-6Al-4V occurs (Fig. 9a, c, e, g) – partially at
deformation temperature of 800 °C (Fig. 9a, c); completely at deformation temperature of 900 °C (Fig. 9e,
g). Globularization of SLM-produced Ti-6Al-4V (Fig. 9b, d, f, h) occurs slower – during deformation in (α + 
β)-�eld, thickness of α-laths increases gradually. This can be related to inhomogeneous deformation of
SLM-produced Ti-6Al-4V.

For wrought Ti-6Al-4V alloy, Vickers microhardness HV is 313.2 after deformation at temperature of
800 °C, 313.8 – after deformation at temperature of 900 °C. For SLM-produced Ti-6Al-4V, Vickers
microhardness HV is 375 after deformation at temperature of 800 °C, 361.4 – after deformation at
temperature of 900 °C. As we can see, Vickers microhardness of wrought Ti-6Al-4V alloy after
deformation at temperatures of 800 and 900 °C decreased, which was expected. Vickers microhardness
of SLM-produced Ti-6Al-4V alloy slightly decreased after deformation at temperature of 900 °C. The
results of Vickers microhardness measurements of SLM-produced Ti-6Al-4V after deformation at
temperature of 800 °C, whose values turned out to be higher than the initial ones, was unexpected. This
can be explained by the fact that the deformation took place below the recrystallization temperature and
by signi�cant deformation inhomogeneity caused by the high temperature sensitivity of the material at
this temperature.

4. Conclusions
In this research work, the study of rheological properties, �ow behaviour and microstructure evolution of
SLM-produced and conventional wrought Ti-6Al-4V titanium alloy in the temperature range of 20–1200
°С and at strain rate ξ of 1 s− 1 was performed. Study shows that �ow stresses of as-built SLM-produced
material higher than that of conventional wrought in the temperature range from 600 to 900 °C. At these
temperatures �ow behaviour of SLM and wrought material is different – SLM-produced Ti-6Al-4V shows
pronounced peak stress with subsequent long stage of softening. Differences in the values of �ow
stresses and �ow behaviour of SLM-produced and conventional wrought materials are explained by their
different initial microstructure.

At temperatures of 600–800 °С, an extremely non-uniform deformation of SLM samples occurs, while
deformation of wrought material in the whole temperature range of 400–1200 °С was quite uniform. High
deformation instability of SLM material compared to wrought is consequence of both its high
temperature sensitivity and softening rate. In view of this it is necessary to control the temperature in the
deformation zone for the processes of deformation post-treatment in-situ (plastic deformation of each
built-up layers) and apply isothermal die forging for the processing route “SLM + hot forming”.

As a direction of the further research work, the study of dependence of �ow stresses of SLM-produced Ti-
6Al-4V alloy from SLM-process parameters (laser power, scanning strategy) and post-annealing
parameters of SLM-produced samples can be pointed out.
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Tables
Table 1

Mechanical properties of SLM-produced Ti-6Al-4V alloy with or without
subsequent post-treatment compared to cast and wrought Ti-6Al-4V [8, 9,

11, 12, 13, 15, 16, 20 – 28] 
Manufacturing condition

of Ti-6Al-4V alloy
Yield

strength,
MPA

Ultimate tensile
strength, MPa

Elongation Mean fatigue
life, cycles

number
SLM, as-built, not-

machined
664 – 910 960 – 1062 3.3 – 12.7 2.3x103 –

5.6x103

SLM, as-built, machined 962 – 1273 1095 – 1421 1.4 – 12.3 1.2x104 –
2.0x104

SLM, stress-relieved,
machined

937 – 1070 1032 – 1140 2.7 – 9.6 - 

SLM, annealed, machined 798 – 1045 945 – 1115 5.0 – 13.0 3.0x104

SLM, hot isostatically
pressed, machined

883 – 912 973 – 1005 8.3 – 19.4 1.5x105 –
3.0x105

Wrought, as-received 790 – 966 870 – 1063 12.5 – 18.1 1.1x105 –
3.0x106

Wrought, mill-annealed 960 – 970 1006 – 1030 16 – 18.37 -
Cast 750 – 865  875 – 980  4.5 – 13.5 -

 
Table 2

Chemical composition of Ti-6Al-4V titanium alloy produced by SLM and
conventional technology

Alloy Chemical composition, wt. %
Ti Al V O N C H Fe Si Zr Impurities

Ti-6Al-4V
(SLM)

Bal. 5.5-
6.75

3.5-
4.5

Up
to
0.2

Up
to

0.05

Up
to

0.08

Up to
0.015

Up
to
0.3

- - Rest 0.3

VT6
(conventional

wrought)

Bal. 5.3
–

6.8

3.5
–

5.3

Up
to
0.2

Up
to

0.05

Up
to
0.1

Up to
0.015

Up
to
0.3

Up
to

0.15

Up
to
0.3

Rest 0.3

Figures
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Figure 1

Assembly scheme of a container with a sample for compression: 1 – upper deforming anvil; 2 – lubricant
layer; 3 – sample; 4 – asbestos insulation; 5 – kaolin wadding; 6 – steel container; 7 – lower deforming
anvil
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Figure 2

Microstructure of conventional wrought (a – without etching, x100, b – with etching, x400) and SLM-
produced (c – without etching, x100, d – with etching, x400) Ti-6Al-4V alloy
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Figure 3

The �ow curves of SLM-produced and wrought Ti-6Al-4V titanium alloy at temperatures of cold 400 –
500 °C (a), 600 – 800 °C (b), and hot deformation 900 – 1200 °C (c)
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Figure 4

General view of samples from SLM-produced Ti-6Al-4V titanium alloy after deformation in the
temperature range of 20 – 1200 °C
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Figure 5

General view of samples from wrought Ti-6Al-4V titanium alloy after deformation in the temperature
range of 400 – 1100 °C
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Figure 6

Flow stress (peak stress) as a function of temperature of SLM-produced and wrought Ti-6Al-4V

Figure 7
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Softening rate of SLM-produced and wrought Ti-6Al-4V

Figure 8

Deformation gradient of wrought (a) and SLM-produced (b) Ti-6Al-4V alloy
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Figure 9

Microstructure of Ti-6Al-4V after deformation: conventional wrought (a, c, e, g) at temperature of 800 °C
(a, c) and at temperature of 900 °C (e, g); SLM-produced (b, d, f, h) at temperature of 800 °C (b, d) and at
temperature of 900 °C (f, h); magni�cation of x100 – a, b, e, f; x400 – c, d, g, h


