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Improving the physical and mechanical characteristics of unalloyed
titanium VT1-0 and studying the effect of selective laser melting

parameters
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Comprehensive studies of the physical and mechanical properties and structure of VT1-0 titanium samples
processed by selective laser melting have been carried out. High strength characteristics (the ultimate tensile
strength of 820 MPa, the yield strength of 710 MPa) have been achieved. These exceed by 2 times the values
for this material produced using conventional technology. The formation of the martensitic @’-phase, obtained
due to the high crystallization rates realized in selective laser melting process, is the reason for the increase in
the mechanical characteristics of titanium VT1-0. Mechanical characteristics of titanium VT1-0 subjected to high-
temperature annealing demonstrated a monotonous decrease in strength parameters by 15% and an increase in
plastic characteristics by 30%. It is shown that the technology of selective laser melting makes it possible to solve
the problem of improving the strength characteristics of unalloyed titanium to create a new class of medical devices.
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Introduction

Titanium alloys are used in many biomedical applications,
such as orthopedic and dental implants, artificial joints,
bone plates, cardiostimulator housings, valve prosthesises,
etc. [1]. The widespread use of these materials is associated
with high values of strength, fracture toughness and fatigue
endurance [2]. Besides, a stable and bioinert oxide
layer is spontaneously formed on the surface of titanium
products, and therefore titanium has a high corrosion
resistance and a low tendency to ions formation in aqueous
media [3]. Currently, one of the metal materials most in
demand in medicine is the titanium alloy of the system
Ti—6%A1-4%V [4,5], which is used for the production of
implants and endoprostheses. At the same time, the pa-
per [6] shows that the presence of vanadium and aluminum
in this alloy over time can have a negative complex effect
on the health of patients. Unalloyed titanium has no this
disadvantage, but the main obstacle to its use as material
for endoprostheses and implants is its low mechanical
properties [4]. Improving the mechanical characteristics of
unalloyed titanium is an important objective, since this will
significantly expand the scope of its application.

In recent years, an important vector for the materials
science development for medicine was researches and de-
velopments aimed at creating personalized medical devices
for osseointegration, taking into account the anatomical and
physiological characteristics of each patient [7,8]. In some
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cases the modern medical protocols allow the use of not typ-
ical osseointegrated products, but personalized endoprosthe-
ses and implants made according to CAD-models obtained
from the results of X-ray study, computed tomography and
3D-reconstruction [9].

Thus, it can be stated that there are two important
objective in modern medical materials science: the creation
of a technology for improving the mechanical characteristics
of materials based on unalloyed titanium, and the creation
of a technology for obtaining products of complex geometry
(including endoprostheses and implants) necessary for the
development of the direction related to personalized medical
devices use. To solve these tasks the selective laser melt-
ing (SLM) technology can be used, i.e. actively developing
additive 3D-printing technology, which makes it possible
to create precision products of complex shape [10-12].
Despite a large number of studies aimed at improving the
mechanical characteristics of SLM-titanium [13-20], the task
of a significant increase in the strength of unalloyed titanium
was not yet solved and remains very relevant.

In this paper, samples of unalloyed titanium VTI1-0
were created by the SLM method, they are twice as
strong compared to titanium samples obtained by traditional
metallurgical methods. The paper relates to the study of the
physical and mechanical properties and structure of titanium
VT1-0 and the study of the SLM parameters influence on
them.
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Figure 1. SEM image of particles (a); histogram of particles
distribution by sizes for titanium powder VT1-0 (b); samples for
study made by the SLM (c).

1. Method of obtaining and study the
material

The objects of study are samples of unalloyed titanium
VT1-0 (hereinafter ,,SLM-titanium VT1-0), manufactured
using the SLM technology on a modernized unit MTT
Realizer SLM100 using domestic powder produced by
LLC ,NORMIN®. Chemical composition of the powder
according to the manufacturer’s certificate (wt.%): Fe —

0.14, O — 0.16, Si — 0.01, C — 0.021, N — 0.03, H —
0.006, Ti — base. Powder particles with an average size of
35 um have a spherical shape (Fig. 1,a) and the distribution
by sizes shown in Fig. 1, 5.

In order to study the influence of the SLM process
parameters on the physical and mechanical properties of
VT1-0 titanium, several series of samples were prepared
using different SLM modes (Fig. 1,¢): the laser power
(hereinafter ,laser power) varied from 70 to 100 W, the
speed of the laser beam (hereinafter ,scanning speed”) —
from 30 to 500mm/s. Other parameters of the SLM
remained constant during the construction of all samples:
the thickness of the powder layer was 70 um, and the
hatch spacings was 120um. The temperature of the
platform was maintained constant and equal to 220°C. All
manipulations with the powder (vibration sieving, drying in
a heat chamber, etc.) and the SLM process were carried out
in high-purity argon (99.998 wt.%).

The granulometric composition of the powder was
studied on a SALD-2300 Shimadzu laser particle size
analyzer. The density of cube samples 10 x 10 x 10 mm
was measured using the hydrostatic weighing technique on
Sartorius CPA225D analytical balance with an error of 0.1%
and is presented as a percentage of the theoretical density
of titanium (4.51 g/cm?).

Tensile tests were carried out using Tinius Olsen H25K-S
unit at room temperature with a constant deformation
rate of 0.01 mm/s of cylindrical samples with a working
area with a diameter and length equal to 3 and 15mm,
respectively.  Structural studies were carried out using
Jeol JSM 6490 and Tescan Vega 2 scanning electron
microscopes. For metallographic studies the surface of cubic
samples 10 x 10 x 10 mm was mechanically polished using
diamond pastes and subjected to electrochemical etching.
Young’s modulus was measured using Agilent Nanolndenter
G200 probe system for measuring mechanical parameters
by the Berkovich continuous indentation method. The
indentation of the central section of cubic samples prepared
for metallographic studies was carried out as follows: the
distance between the indentations — about 1 mm, the depth
of indentation — 0.4—0.8 um; deformation rate —0.05s~!.

2. Results of experimental studies

The results of studies of the SLM process parameters
influence on the strength and plastic characteristics of VT1-0
titanium are shown in Fig. 2 as diagrams of the ultimate ten-
sile strength and elongation to failure vs. the laser power P
and scanning speed V. As can be seen from Fig. 2,a, the
maximum strength of 810—820 MPa is observed at SLM
parameters 90—100 W and 100—150 mm/s, the minimum
values of the ultimate tensile strength 640—690 MPa were
obtained with parameters 70—75 W, 400—500 mm/s. The
maximum values of elongation to failure 16—17% were
obtained in the range of SLM parameters 90—100 W and
100—150 mm/s (Fig. 2,b), minimum values 5—8%— for
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SLM parameters 70—75 W, 400—500 mm/s and 95—100 W,
30—60 mm/s.

Studies of the influence of SLM process parameters
on the value of the physical yield strength showed that
the values vary in the range from 520 to 710 MPa
(Fig. 3,a). Maximum values 700—710 MPa are observed at
SLM parameters 90—100 W and 100—200 mm/s, minimum
values 520 MPa — at 70—75 W, 400—500 mm/s.

The results of studying the elastic properties by the
nanoindentation method are shown in Fig. 3,b, which
shows a diagram of average values of Young’s modulus
(averaging each value over 80 indentations) vs. the main
SLM parameters. The average values of Young’s modulus
for samples obtained under different SLM modes vary from
88 to 110 GPa.

The results of studying the influence of the SLM process
parameters on the density of VT1-0 titanium are shown in
Fig. 4,a as a diagram of the relative density vs. the laser
power and scanning speed. It can be seen from the Figure
that the maximum values of the relative density 99.8%
were obtained using the SLM parameters 90—100 W and
150 mm/s, the minimum values 90—92% — in two ranges
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Figure 2. Ultimate tensile strength (a) and elongation to
failure (b) of SLM-titanium VT1-0 vs. laser power P and scanning
speed V.
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Figure 3. Yield strength (a¢) and Young’s modulus (b) of

SLM-titanium VT1-0 vs. laser power P and scanning speed V.

of parameters 70—90 W, 350—500 mm/s and 95—100 W,
30—60 mm/s.

In order to study the thermal stability of the mechan-
ical properties of SLM-titanium, the effect of annealing
temperature on the ultimate tensile strength and relative
elongation to failure of titanium VTI1-0 samples obtained
under the SLM optimal mode 100 W, 150 mm/s. As can
be seen from Fig. 4b, the mechanical characteristics of
the material do not change after annealing at temper-
atures of 100 and 200°C. The annealing for one hour
in the temperature range 300—800°C leads to a change
in the strength and plastic characteristics: in the range
300—700°C, the ultimate tensile strength decreases from
800 to 620 MPa, a further increase in the annealing tem-
perature to 800°C does not lead to change in the ultimate
tensile strength; over the entire annealing temperature range
of 300—800°C, the elongation to failure increases from 18
to 22%.

Typical images of the microstructure of SLM-samples
of titanium VT1-0 obtained using scanning electron mi-
croscopy are shown in Fig. 5. In the SLM process a needle
microstructure of the martensitic type is formed with an
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Figure 4. Relative density vs. laser power P and scanning
speed V (a), and ultimate tensile strength ours and elongation
to failure § vs. annealing temperature Tamn (b) for SLM-titanium
VTI1-0.

average length of needles 12 um, thickness of 1.5 um, and
distance between them of about 1.5um (Fig. 5,b). This
type of structure is for SLM-titanium [13-19].

As shown in Fig. 5,b, the structure of SLM-titanium
after annealing at elevated temperatures is represented by
equiaxed polyhedral grains, the martensite phase is not
observed. It can be seen that heat treatment at 800°C of
SLM-samples leads to the formation of a grain structure
with an average grain size of about 20 ym.

3. Results and discussion

First of all, the high mechanical characteristics of VT1-0
titanium samples require discussion. As it is known, for
titanium VT1-0 obtained by traditional methods the ultimate
tensile strength values are 400—500MPa [4]. The high
values of ultimate tensile strength (820 MPa) obtained in
this paper can be explained by the presence of a finely
dispersed martensitic «’- phase, the occurrence of which
is associated with a high crystallization rate of titanium-
based materials (~ 103—107 K/s) [21-23] obtained by SLM
methods.

An important result that needs discussion is the obtained
dependences of the studied physical and mechanical prop-
erties on the SLM parameters. In the first approximation,
all dependences obtained can be explained by the influence
of the volume fraction of pores arising under nonoptimal
SLM modes, which correlates with the material density. To
explain the presence of two low-density zones in different
areas of the SLM parameters space (Fig. 4, a), it is necessary
to introduce the concept of volumetric energy density
(VED), which is widely used in papers [13,18-21,24-27]
in case of solving the problem of optimizing the parameters
of SLM-titanium. The volumetric energy density — is the
amount of energy released during SLM per unit of volume

Figure 5. EBSD-quality maps (band contrast) of SLM-titanium
VT1-0 samples in the initial state (@) and after annealing at
800°C (b).
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SLM process parameters and vaues of volumetric and linear densities of energy

Laser Thickness Scanning Hatch . Volumetrie Linear
Parameters power, of layer, speed atch spacing energy energy Reference
P W h. um V. mm/s d, um density density
’ » ’ E,, J/mm Ejin, J/mm
CP-Ti 165 100 138 100 120 1.1 [18]
(grade 1)
CP-Ti 175 30 800 150 49 0.22 [26]
(grade 2)
CP-Ti 50 25 330 80 76 0.15 [20]
(grade 3)
CP-Ti 210 30 1000 120 58 0.21 [27]
(grade 3)
CP-Ti 90 50 400 50 90 0.23 [21]
(grade 3)
BT1-0 100 70 150 120 79 0.66 This
study

of material, usually represented by the expression
E, = P/(hdV), (1)

where P — laser power, h — layer thickness, d —
hatch spacing, V — scanning speed. Note here that the
diameter of the focused laser beam should be used as the
parameter d. However, many researchers do not have the
technical ability to vary the beam diameter (a number of
SLM-units have a fixed beam diameter), while the variable
parameter is ,hatch spacing”, which is used to calculate
the specific energy in all the papers mentioned above. On
the other hand, since hatch spacing is chosen, as a rule,
approximately equal to the beam diameter (with minimal
lines overlapping), the difference in the resulted values
of the energy density will be insignificant for any choice
of the parameter d. In this paper, for the possibility of
comparison with the results of other authors, the VED
calculation in accordance with expression (1) is carried out
using the hatch spacing as d. The Table shows the main
SLM parameters and the VED value, which, in accordance
with the expression (1) for the optimal mode, was equal
to 79 J/mm.

Since in the present paper such SLM parameters as the
layer thickness, the distance between the hatch spacings, etc.
remained constant, and only the laser laser power and the
scanning speed varied, we introduce the value of the linear
energy density (LED), Ejy, in the form of a commonly used
ratio [24-27]:

Ein = P/V. (2)

To estimate the LED effect on the value of relative
density, let’s convert the diagram shown in Fig. 4, a into the
plot of density vs. LED shown in Fig. 6,a. As can be seen
from the Figure, the minimum density values of 90% are
observed at the minimum LED values of 0.1—0.2 J/mm. The
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obvious reason for the low density under these conditions is
the high porosity caused by energy insufficient for uniform
melting of the powder at low laser power and high scanning
speed. Low relative density values of about 92% are also
observed at the highest LED values (3 J/mm), this is due to
a combination of processes occurring during SLM in the
material if the temperature in the melt pool is close to
the evaporation temperature sufficiently long time [28,29].
The crystallization of the melt in the overheated material
is performed irregularity, which leads to the formation of
numerous small pores in the resulting material [29-31].

A qualitative explanation of the presence of regions with
low values of mechanical characteristics on the plane of
SLM-parameters ,laser power—scanning speed can also
be given on the basis of plotting their dependence on the
LED value. To assess the LED influence on the values of
ultimate tensile strength, yield strength, elongation to failure
and Young’s modulus, we will convert the corresponding
diagrams shown in Fig. 13 into graphs of the above values
versus LED (Fig. 6,b). For the convenience of analysis,
the data were normalized to the maximum values of the
corresponding magnitudes. As can be seen from Fig. 6,5,
the behavior of all physical and mechanical characteristics
has similar non-linear nature: at low LED values (below
0.5J/mm), low values of the material characteristics under
study are observed; the maximum values are achieved in
the range of LED values from 0.5 to 0.7J/mm; at high
LED values (above 1J/mm) a decrease in the values of all
characteristics is observed. The reason for the characteristics
decreasing in two areas is the high porosity of the material,
caused by low LED, insufficient for uniform melting of
the powder, and high LED, leading to overheating of the
material and heterogeneous crystallization with the pores
formation.
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Figure 6. Physical and mechanical characteristics of titanium
VT1-0 vs. linear energy density E;i, during SLM: a — dependence
for relative density p; b — diagram for normalized values of
characteristics A/Amax: I — elongation to failure, 2 — yield
strength, 3 — ultimate tensile strength, 4 — relative density, 5 —
Young’s modulus.

It can be seen from Fig. 6 that the optimal SLM
parameters for obtaining the material with high density
(close to theoretical) and high mechanical characteristics
are LED values from 0.5 to 0.7J/mm. At the same time,
from the point of view of the prospects for the use of
SLM technology for the production of medical devices,
the parameters with higher scanning speeds should be
recognized as optimal, since this significantly reduces the
time of products manufacturing.

The Table contains the values of the volumetric and linear
energy obtained in the papers [18,20,21,26,27]. These val-
ues are given only for SLM-samples of unalloyed titanium,
which had high mechanical characteristics and high relative
density of the material (more than 99%).

Finally, the obtained physical and mechanical characteris-
tics of titanium VT1-0 can be represented as a generalized
»SLM* map in the coordinates ,laser power—scanning
speed” (Fig. 7), which shows the areas of maximum values
for a number of important physical and mechanical prop-
erties, such as density, strength and plasticity, and a single
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Figure 7. Regions of optimal SLM parameters for obtaining
high characteristics of titanium VT1-0: / — relative density, 2 —
ultimate tensile strength, 3 — elongation to failure.

area of parameters in which all these characteristics have
maximum values simultaneously (shaded area). Titanium
VT1-0, obtained in SLM-modes lying on a half-plane to the
left and right of the optimal LED isoline 0.66J/mm, has
lower physical and mechanical characteristics compared to
the material obtained at the optimal SLM parameters. At
the same time, note that we assume that in other areas of
the parameter plane ,,, laser power—scanning speed®, which
are not studied in this paper (at powers above 100 W), the
optimal SLM modes should also be identified for modes
close to the LED isoline 0.66 J/mm.

Conclusion

Comprehensive studies of the physical and mechanical
properties, and structure of samples of unalloyed titanium
VT1-0, created by the SLM method, were carried out. In
this paper the following is shown:

1. Under optimal SLM conditions high strength charac-
teristics were obtained (ultimate tensile strength 820 MPa,
yield strength 710 MPa), exceeding by 2 times the values for
this material manufactured using conventional technologies.

2. The reason for the increase in the mechanical
characteristics of titanium VT1-0 is the formation of a finely
dispersed martensitic &’-phase, which is obtained due to the
high crystallization rates realized in the SLM process.

3. It is shown that the SLM parameters significantly
affect the structure and properties of the material. High
mechanical characteristics are obtained at optimal values of
the linear energy density 0.6—0.7 J/mm.
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