u] =,

The object of this study is the alloys of
the Zr-Ti-Nb system, which better than tita-
nium alloys meet the criterion for mech-
ano-biocompatibility of the material for
dental implants. The choice of this mate-
rial is due to the fact that zirconium alloys
are free of toxic elements and have a low
modulus of elasticity. Under modern con-
ditions of active implementation of addi-
tive technologies for the manufacture of
metal products, the use of zirconium alloys
for 3D printing is a promising area. Such
technologies include electron-beam grow-
ing of products. The task solved in this work
relates to the lack of technological modes
for electron beam technology, specifical-
ly for zirconium alloy. A rational regime
has been determined, under which samples
were grown from the alloy of the Zr-Ti-Nb
system with a smooth surface, uniform
structure, and no internal defects. It should
be especially noted that the modulus of
elasticity of the material of the manu-
factured samples was 59.8 GPa, which is
two times lower than that of the titanium
alloy Ti-6Al-4Vgr; (113.8 GPa) and is clos-
er to the modulus of elasticity of human
bone (30 GPa).

The results are explained from the point
of view of physical-mechanical processes
occurring in the metal during layer-by-lay-
er surfacing under different conditions.
These conditions were created by different
values of technological parameters. Special
feature of the results is that the formed
requirements for the structure and prop-
erties of zirconium blanks were based on
known dependences for titanium alloys.
The findings showed that electron beam
growing could become an alternative tech-
nology for manufacturing implant blanks
Jrom low-modulus zirconium alloy. The
scope and conditions of practical use of the
results extend to materials for implants in
dentistry and, in the future, in orthopedics

Keywords: additive technologies, elec-
tron beam, energy density, layer-by-lay-
er surfacing, dental implant, low-modu-
lus alloy
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1. Introduction

The necessary conditions for metal materials used for
the production of dental and orthopedic implants are high
strength and low specific weight, high corrosion resistance
and biocompatibility, as well as the ability to osseointegration.
Titanium alloys have proven successful in this area over many
years. However, titanium alloys have a significant difference
from the properties of human bone, especially in terms of
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the modulus of elasticity. For example, for an alloy with the
Ti-6Al-4V (Grade 23) alloying system, it is E=110 GPa com-
pared to cortical bone, E=15...30 GPa [1, 2]. All this required
designing new biocompatible low-modulus alloys for medical
purposes. Note that some success in solving this issue was
achieved by the developed titanium p-alloy Ti-31Nb-6Zr-5Mo,
which after hot deformation, aging, and subsequent heat
treatment had an elastic modulus of 48 GPa [3]. Also known is
the Ti-24Nb-4Zr-8Sn alloy with a Young’s modulus of 49 GPa




and the Ti-24Nb-4Zr-7.95n alloy developed by the Chinese
Academy of Sciences (E=42 GPa), which were characterized
by improved biocompatibility [4, 5]. But the most popular is
still the titanium alloy with the Ti-6Al-4V alloying system.
Zirconium-based alloys doped with titanium and niobium are
interesting and new for dentistry. The first results of studies
indicate a more successful mechanical biocompatibility of this
material for dental prosthetics compared to conventional tita-
nium alloys; however, a number of unresolved issues remain.
These issues are related to the technologies of production of
blanks, starting from melting of ingots and ending with the
creation of a finished product. Therefore, it is necessary to deal
with this scientific issue for a faster introduction of zirconium
alloys into the production of individualized implants. An im-
plant that is harmoniously inscribed in the body and has mate-
rial properties close to human bone is the main goal that must
be achieved to improve human health in case of need for pros-
thetics. In this sense, zirconium alloys are the most promising
material. Therefore, the results of such studies are needed in
practice because they would make it possible to quickly create
a high-quality replacement for lost teeth and joints by additive-
ly growing the material according to a computer model, taking
into account the individual characteristics of the patient.

2. Literature review and problem statement

Research into materials for medical implants is increas-
ingly focusing on new zirconium-based alloys that are free
of chemical elements harmful to the body and have a lower
modulus of elasticity (40...80 GPa) [6]. Among these alloys,
low-modulus alloys of the Zr-Ti alloying system better meet
the criterion for mechanical biocompatibility than titanium
alloys [7, 8]. At the same time, the choice of material for
implantation into the human body has controversial aspects,
and some issues remain unresolved. In work [9], technolog-
ical modes for obtaining alloy ingots based on the zirconi-
um-titanium-niobium system were worked out. This paper
allows us to conclude about the specificity of the technology
for melting ingots of @110 mm zirconium alloy and the asso-
ciated difficulties. In particular, the process of electron-beam
melting of zirconium alloy requires special conditions — deep
vacuum (up to 6x102 Pa) and an intermediate container, with
cooling also in vacuum. All these factors indicate signifi-
cant energy consumption. This aspect remains unresolved.
Studies [6, 10] demonstrated that technological difficulties
and energy consumption also accompany the manufacture
of zirconium rods for the needs of dental implantology. The
reason is the multi-stage deformation and thermomechanical
processing to obtain a high-quality ©6 mm rod. Under mod-
ern conditions, such an approach is not always justified since
it significantly increases the price of the finished product.
Therefore, it is necessary to search for new technological
solutions that would avoid the indicated disadvantages. A
likely option for overcoming the difficulties is to use additive
manufacturing technologies. Among the additive processes,
laser 3D printing and layer-by-layer electron-beam growing
of articles have become the most widespread. These tech-
nologies use dispersed powders of the required alloy as the
starting material. However, at this stage, difficulties may
arise due to the lack of dispersed (up to 100 um) spherical
powders of zirconium alloys of the Zr-Ti-Nb system in the
market, which has hindered the development of research in
this area. In addition, the alloy based on the Zr-Ti-Nb sys-

tem undergoes a phase transformation of the §-phase with
a change in the type of crystal lattice. Rapid cooling of mi-
crovolumes of molten metal during laser printing could lead
to significant structural stresses. These stresses could relax
with the appearance of microcracks on the surface of the
product. These features were noted in work [11]: additively
manufactured alloys have a complex thermal history, which
includes directional heat removal, as well as multiple melting
and rapid solidification. As a rule, alloys manufactured by
the additive manufacturing method also undergo repeated
solid-phase transformations. These factors introduce com-
plexities that are usually not encountered in conventional
processes [12]. It could be predicted that similar trends are
inherent in zirconium alloys [13]. In addition, the tempera-
tures to which the metal is heated during laser printing could
exceed 900 °C, which also makes it impossible to use protec-
tive argon (<600 °C required) for zirconium alloy. Thus, it is
necessary to choose an additive technology for growing zirco-
nium alloy articles that is able to avoid the above-mentioned
complexities. The authors of paper [14] prove that a likely
option for overcoming these difficulties and implementing
a controlled process of growing products in a protective en-
vironment is electron beam selective melting (EBSM). This
approach has been used in the works of various researchers
on the application of EBSM technology: for the nickel al-
loy Alloy718 [15], the titanium alloy Ti-6Al-4V [16]. That is,
technological advancements concerned standard alloys, and
similar studies were not conducted for zirconium alloys. Our
review of the literature demonstrates that each material re-
quires special process modes that ensure optimal microstruc-
ture and properties. Manufacturers of prostheses continue
to manufacture articles from familiar, but not sufficiently
compatible with the body, titanium alloys, which have al-
ready passed the certification stages and have the appropriate
permits. However, for zirconium alloys, all these parameters
have not been studied as thoroughly as for titanium alloys.
These include technological features of thermal deformation
processing, the absence of generally accepted technological
regimes and recommendations that take into account the
temperatures of recrystallization and phase transformations,
as well as the lack of created scales of microstructures. All
this gives grounds to argue that it is advisable to conduct a
study aimed at optimizing technological parameters for the
additive manufacturing process of articles by electron beam
layer-by-layer surfacing for zirconium alloy. Thus, for the
active introduction of the low-modulus Zr-Ti-Nb alloy for
3D manufacturing of medical implants using electron beam
growth technology, it is necessary to solve several problems.
First of all, it is necessary to establish the production of
high-quality spherical powders with sizes up to 100 microns.
In addition, it is necessary to devise optimal technological
modes for the electron beam layer-by-layer surfacing process.

3. The aim and objectives of the study

The purpose of our research is to find rational technolog-
ical modes for 3D printing of billets from zirconium alloy of
the Zr-Ti-Nb system, which could make it possible to produce
articles with a dense structure and improved mechanical
characteristics by the additive method.

To achieve the goal, the following tasks are set:

- to investigate the properties of powders of the Zr-Ti-Nb
system alloy;



- to obtain experimental samples under different techno-
logical printing parameters;

- to investigate the microstructure of the articles;

- to determine the printing modes that ensure the for-
mation of a dispersed homogeneous microstructure with the
absence of defects;

- to determine the mechanical characteristics of the ex-
perimental samples in comparison with samples from the
titanium alloy of the Ti-6Al-4V system.

4. The study materials and methods

4. 1. The object and hypothesis of the study

The object of our study is the process of electron-beam
3D printing of articles from zirconium alloy powder of the
Zr-Ti-Nb system.

This paper considers the features of the formation of
the structure and properties of alloy blanks obtained by the
method of electron-beam 3D printing. The influence of pro-
cess parameters (energy density and electron beam velocity)
on the formation of the structure and mechanical properties
of the material was studied. The hypothesis of the study as-
sumed that the zirconium alloy of the Zr-Ti-Nb system, simi-
larly to titanium alloys, significantly depends on the structur-
al state, which for 3D printing depends on the specific energy
of the electron beam. It was also assumed that these alloys
are sensitive to the presence of any defects that act as stress
concentrators. As is known, any concentrator could become
a place of origin of destructive processes. For titanium alloys,
it is known that the dispersed globular structure has higher
strength indicators and sufficient plasticity while a coarse-
grained, lamellar structure is undesirable because it produces
low mechanical properties. These relationships were also
assumed for the zirconium alloy under study.

Therefore, the process parameters must be selected ac-
cording to such indicators as the absence of defects such
as porosity and other discontinuities while maintaining
the maximum dispersed microstructure. It is assumed that
excessive specific energy received by the volume of the ma-
terial being fused leads to the formation of a coarse-grained
structure of the formed material, characteristic of the over-
heated state. Accordingly, this would lead to a decrease in the
mechanical characteristics of the resulting workpiece. There-
fore, the power of the electron beam, the scanning speed, the
scan line offset step, and the thickness of the powder layer
could be used as tools for influencing the processes of mate-
rial formation. Variating these parameters leads to a change
in the values of specific energy per unit volume of the powder
being fused and, accordingly, changes the kinetics of melting
and subsequent crystallization. Therefore, to select rational
parameters for the 3D printing mode of the Zr-Ti-Nb alloy
system, it is necessary to conduct a comprehensive study on
the influence of features in the formation of the macro- and
microstructure on the set of mechanical characteristics of
the alloy.

4. 2. Materials and equipment

For the research, we used ZTN-4 grade powder of Zr-Ti-
Nb alloy, which was produced by rotary plasma spraying of a
bar billet using the equipment and technology of “Multiflex”
LTD (Ukraine) [17]. The powder particles had an average
diameter of 40 to 160 microns, were of regular spherical
shape (Fig. 1). The chemical composition of the zirconium

alloy powder was determined by the spectral method using
the “Expert 3” device (given in Table 1). The essence of the
method is based on determining the intensities of the excited
spectrum from each chemical element, which is directly pro-
portional to its mass fraction in the alloy.

Fig. 1. General view of ZTN-4 powder from Zr-Ti-Nb alloy

Table 1

Chemical composition of ZTN-4 grade powder
from Zr-Ti-Nb alloy, % (wt.)

ID Ti Nb Zr
Actual powder composition 20.0 | 19.7 | 59.9
Permissible range for Zr-Ti-Nb alloy [17] |15-30| 15-30 | 40-65

In our earlier work on the additive growing of titanium
blanks, we have reasonably chosen electron-beam additive
technology, described the equipment available in Ukraine,
and reported the results of its modernization. Equipment
for electron-beam 3D printing (Fig. 2) was designed at the
E. O. Paton Electric Welding Institute of the National Acade-
my of Sciences of Ukraine [18, 19].

The sequence of stages of additive electron-beam produc-
tion was as follows [20]: first, a 3D model of the object was
built. The next stage required transferring the file to the addi-
tive equipment. Then the 3D printer constructed the articles
layer by layer. After building and cooling, the assembly was
removed from the equipment. Then, cleaning, polishing, and
surface finishing of the parts were performed.

Fig. 2. Experimental additive equipment:
1 — vacuum chamber; 2 — electron beam gun;
3 — control cabinets; 4 — high-voltage source [19]

The surfacing processed in a vacuum chamber 1 (Fig. 2).
The thickness of one deposited layer was approximate-
ly 100 um. The accelerating voltage of the electron beam
gun 2 was 60kV. The preliminary heating of the powder
layer to a temperature of 680 °C was carried out by a raster



beam with a power of 1800 W. The working pressure during
surfacing was 10 Pa.

A description of the equipment, technological parame-
ters, and the surfacing process is given in [21]. To determine
the metal structures, 25 samples were printed with a size
of 25%25 mm, a height of 5 mm, of which 2 mm were techno-
logical supports.

To study the mechanical characteristics, experimental
samples were printed: 15805 mm and 12Xx55x14.5 mm,
the height of the technological supports of the experimental
samples was 2.5 mm (Fig. 3).

Fig. 3. Printed sample blanks for mechanical testing

Samples for uniaxial tensile and impact bending tests, as
well as for determining the elastic modulus, were made from
the blanks.

The printing mode of the samples for determining the
mechanical properties was selected based on the results of
investigating the macro- and microstructure of the samples
for metallographic studies. For comparing the properties,
samples from the Ti-6Al-4V alloy were also selected, which
were also made using the additive electron beam surfacing
technology. The implementation of this technology is de-
scribed in [22].

4. 3. Research methods

The bulk density of the powder was determined using the
funnel method according to ISO 4490-78.

The microstructure of the samples was studied by
sequential grinding using abrasives of different grain siz-
es (from No. 40 to micron paper (M20). At the final stage,
the micro sections were polished on a coat cloth moistened
with a suspension of “DiaDuo” (manufacturer “STRUERS”)
based on diamond particles with a fraction of 3 microns. For
metallographic analysis, the zirconium alloy powder was
poured into electrically conductive Bakelite and polished
using diamond suspensions. The sections were etched in the
reagent: HF - 10 ml, HNO; - 25 ml, glycerin - 65 ml. The
microstructural analysis was performed using an inverted
reflected light microscope “Observer.D1m” (Carl Zeiss).
The macrostructure was studied using a stereomicroscope
“Stemi 2000-C” (“Karl Zeiss”). X-ray spectral microanaly-
sis (XSMA) was performed using a detector “Bruker” and
software “Esprit” on scanning electron microscope “Hitachi
SU3900” with an accelerating voltage of 15 kV.

To study mechanical characteristics, we used blanks
measuring 12x12x55 mm, which were made of Zr-Ti-Nb al-
loy by electron beam surfacing [29], as well as samples from
medical titanium alloy Ti-6Al-4VELI [23]. Uniaxial tensile
tests were performed on an INSTRON-8862 tensile testing

machine at a gripper movement speed of 15 mm/min. In
accordance with the ISO 6892-1:2019 standard, proportional
samples with a diameter of 5 mm with a cylindrical working
part were manufactured. Impact bending tests were per-
formed on an IMP - 460J (“INSTRON”) pendulum impactor
with a nominal potential energy of the pendulum of 460 J.
The samples were manufactured with a U-shaped concentra-
tor. For the tests, blanks were used, which were subsequently
milled and polished (Fig. 4). U-shaped cuts on the samples
were made on a milling machine. A typical appearance of the
sample after testing by the pulse excitation method is shown
in Fig. 5. The samples were made from flat blanks with di-
mensions of 15%3x80 mm.

Fig. 4. Impact bending test samples made from electron beam
printed blanks

Fig. 5. General view of the sample after testing to determine
the modulus of elasticity

The elastic modulus (Young’s modulus) was determined
by the pulse excitation method [24] on the RFDA Professional
System 24 (Belgium). The method was used to obtain the most
accurate result due to the fact that prosthetic materials are
low-modulus. The essence of the method was that mechanical
vibrations in flat-shaped test samples were excited by a blow
from a striker. The Young’s modulus was determined by mea-
suring resonant frequencies. The resulting signal was calculat-
ed by fast Fourier transform. Specialized software determined
the resonant frequency with high accuracy for calculating
elastic properties based on the Euler-Bernoulli theory.

5. Results of research on experimental samples

5.1. Determining the properties of powder materials

The fractional composition of the resulting metal powders
of the Zr-Ti-Nb alloy is given in Table 2, in which D, Dso and
Dy, represent a percentage of the total volume of the powder.

For the additive process of electron beam manufacturing
of samples from the studied zirconium alloy, a powder was
used that corresponded to the average diameter of the gran-
ules Ds5p=60...85 um.

The structure of the powder particles consisted of a com-
bination of a- and f-phases. Annealing mode: heating to a
temperature of 440 °C, aging for 1.5 hours in the furnace, and



slow cooling in air [17]. During the microstructural analysis of
the micro sections, it was found that the used powder met the
requirements for additive technologies: the particle structure is
homogeneous and dispersed, internal porosity in the powder
particles was not detected (Fig. 6). The distribution of chemical
elements in the powder particles is homogeneous, which was
confirmed by the results of micro-X-ray spectral research in
the form of element distribution maps (Fig. 7) [25].

Table 2
Fractional composition of Zr-Ti-Nb alloy powders

Fraction Bulk density, g/cm®|  Weight, g
+200 4.20 900
+180 4.19 128
-140+125 4.00 2654
-90+56 3.97 1589
-56+40 3.97 95
-40 3.96 261
Distribution by Dio 54...58
fractions for powder | Ds 60...85
(-90+56), pm Dy 90...110

From the data illustrated in Fig. 6,7, it could be con-
cluded that the powder used for electron beam printing of
experimental samples met the quality criteria for powders in
additive technologies.

5. 2. Production of experimental samples under dif-
ferent technological printing parameters

Samples for studying the metal structure were made
from zirconium alloy powder of the Zr-Ti-Nb system. Five
electron beam velocity regimes were investigated: 250 mm/s,
500 mm/s, 750 mm/s, 1000 mm/s, 1500 mm/s. The thickness
of the metal powder layer was 100 um. The scanning strategy
was selected as bidirectional, serpentine. The beam trajectory
displacement step was 0.2 mm. In this case, the scanning di-
rection was rotated by 90° for each layer. The electron beam
energy density was changed from 30 to 70 J/mm? for each
beam velocity value. A description of the surfacing techno-
logical parameters and their relationship is given in [21].

Sequential electron beam growing of samples was
performed under modes in which two parameters were
changed: scanning speed (mm/s) and electron beam en-
ergy density (J/mm3). The scanning speed was changed
in the range from 250 mm/s to 1500 mm/s. The influence
of electron beam energy density was studied in the range
from 30 to 70 J/mm3. The parameters of the electron beam
manufacturing process include speed, electron beam power,
powder layer thickness, and beam trajectory offset step. The
integrated parameter that combined all process parameters
was the beam energy density. This parameter was used to
describe the influence of these characteristics on the struc-
ture and material properties of the samples. The condition
of the sample surface was assessed visually. The initial
inspection of the surfaces allowed us to divide the samples
into three groups: rough, smooth, and bumpy. The corre-
spondence of the printing technological parameters and the
surface condition of the samples is shown in Fig. 8.
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Fig. 7. Distribution maps of chemical elements of powder
particles from the Zr-Ti-Nb alloy obtained by X-ray
spectral microanalysis: @ — general view of powder

particles on an electron microscope; b — niobium;
¢ — zirconium; d — titanium

Electron beam velocity, mm/s
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b

Fig. 8. Influence of technological printing parameters on the
surface morphology of samples: a — grouping of samples by
type of surface morphology; b — surface morphology of samples,

which is the basis for grouping



Visual inspection of the samples showed that on the sur-
face of individual samples (for example, No. 15, No. 20, No. 25)
there was a conical protrusion in the central part (Fig. 9, a-c).

On samples without conical protrusions, but with high
roughness (for example, No. 18, No. 23, No. 24 - Fig. 9, d—-f),
the formation of such a surface occurred under conditions
of low electron beam energy density and its slow movement.

Other samples with a higher electron beam energy densi-
ty (No. 3, No. 8) or with an increase in electron beam veloc-
ity (for example, No. 7, No. 14, No. 19) had a more even and
smooth surface (Fig. 9, g-i).

g h i

Fig. 9. External condition of the surface of samples formed
using different technological modes of electron beam
surfacing: a—c — with local protrusion; a—f— rough;

g—/— lines of surfaced layers are smoothed

One can see from Fig. 9 that high surface quality (morpholo-
gy type - smooth) was obtained using different combinations of
technological parameters. Such surface morphology was formed
at energy density values ranging from 30J/mm? to 70 J/mm3
and beam velocity from 250 mm/s to 1500 mm/s.

It should be noted that the surface of sample No. 19 was
characterized by the smoothest relief, there were no defects
on the surface of the given sample (Fig. 10).

Fig. 10. The external condition of the surface of sample
No. 19, formed using the electron beam surfacing
technological mode: beam energy density 40 J/mm? and its
movement speed 500 mm /s

Therefore, from the point of view of surface formation,
the printing mode of sample No. 19 with technological pa-
rameters such as beam energy density of 40 J/mm3, speed of
its movement of 500 mm/s was considered rational.

5. 3. Study of the microstructure of samples

In addition to the surface condition, an important char-
acteristic of the material grown using additive technology
is its microstructural condition and the absence of microde-
fects (pores, sinks, etc.) over the entire cross-section.

So, metallographic study of the samples was carried out
by comparing the metal structure for the presence of defects
in the form of any discontinuities, as well as from the point
of view of the formed microstructure (grain size, type of
structure).

Microanalysis of cross-sections made it possible to es-
tablish that in the samples obtained with the lowest energy
density and with a low electron beam velocity (No. 18, No. 23,
No. 24), non-fusion was detected at the interface of the layers
and in the zone of technological supports (Fig. 11).

Sample surface

7

c

Fig. 11. Discontinuities in the microstructure of samples
(cross micro sections): @ — defects protruding onto the
surface of the sample; b — internal pores; ¢ — non-fusion of
powder particles

When analyzing the micrographs, it was found that dis-
continuities partially protrude onto the surface of the sam-
ples (Fig. 11, a), which caused their high roughness.

In samples grown with a high electron beam energy
density (60...70 J/mm?), round and elliptical micropores from
&30 to 60 um were found (Fig. 12, a, b).

In samples grown with a lower energy density and a high
electron beam velocity, micropores were also found. It should
be noted that their size was up to &15 um and was single in
nature, the pores did not protrude onto the surface of the
sample (Fig. 12, ¢, d).

At the minimum electron beam speed (250 mm/s) and
energy density from 20J/mm3 to 50J/mm?3, the material
structure of the experimental samples consisted of columnar
dendrites with dimensions of ~50...130 um (Fig. 13, a).

When the energy density increased to 40...50 J/mm? and
the electron beam speed was 500-750 mm/s, crystallization
proceeded faster due to the greater temperature difference
between the layers. At the same time, the columnar grains
became shorter or approached equiaxed grains with a di-
ameter of 40...50 um (Fig. 13, b, ¢). When the beam speed



increased to 1000...1500 mm/s, grain enlargement and thick-
ening of the intergranular boundaries occurred (Fig. 13, d).
Such a coarse-grained microstructure is characteristic of a
heating temperature above the polymorphic transformation
temperature, the grain size being 100...130 um. The optimal
microstructure was taken to be an equiaxed type with a grain
size of about 40 um, which was achieved with the following
process parameters: 40...50 J/mm?3 and an electron beam ve-
locity of 500...750 mm/s (Fig. 13, ¢), which corresponds to the
printing modes of samples No. 7, 14, 19.

c

Fig. 12. Types of micropores in the material of samples grown by electron beam surfacing
(x500): a — rounded pores &30...57 um; b — elliptical pore with a length of 36 um;
¢ — large pore with a crack; d— internal pore @15 um (sample No. 19)

a a a

Fig. 13. Typical microstructures of samples from the Zr-Ti-Nb alloy (x100) grown by
electron beam surfacing under different modes: @ — 250 mm /s, 30 J/mm3;
b— 500 mm/s, 30 J/mm3; ¢ — 500 mm /s, 40 J/mm? (sample No. 19);

d— 1500 mm/s, 70 J/mm?3

The microstructures shown in Fig. 13 clearly demonstrate
the influence of thermal energy and electron beam velocity on
the structure formation of the zirconium alloy Zr-Ti-Nb; the
alloy is structurally sensitive and requires the construction
of scales for permissible and impermissible structures. The
results obtained could form the basis of such a scale.

5.4. Determining printing modes that enable the
formation of the best structural state

When determining the printing modes that provided the
best structural characteristics, it was found that sample No. 19
had a high surface quality (Fig. 10). At the same time, the met-
al was characterized by complete fusion in its cross section,
and the presence of a single micropore with a diameter of up
to 15 um could be caused by shrinkage processes (Fig. 12, d).
The microstructure of the specified sample belonged to the
equiaxed type with a grain size of about 40 um (Fig. 13, ¢).

From Fig.8 it follows that the
printing of sample No. 19 was carried
out with a beam speed of 500 mm/s
and an energy of 40 J/mm?. The speci-
fied mode provided a dispersed micro-
structure and surfacing with minimal
influence of discontinuities, contrib-
uted to the formation of the smallest
grain size among samples with high
surface quality. Therefore, this mode
was chosen for the manufacture of
samples for mechanical testing.

5.5. Determining the mechan-
ical characteristics of test samples

The summarized values of me-
chanical characteristics of zirconi-
um and titanium alloys are given
in Table 3.

The results of mechanical tests of
zirconium alloy samples showed that
the resulting material has a modulus
of elasticity twice as low as that of
Ti-6Al-4VELI alloy, and an impact
| strength approximately at the level of
d titanium alloy. Strength and ductility
characteristics are somewhat lower
than titanium alloy.

It is also important to compare
the properties of samples of zirconi-
um and titanium alloys grown using
electron beam printing technology.
Table 3 gives the mechanical prop-
erties of samples of titanium alloy
Ti-6Al-4V, manufactured by electron
beam surfacing: their strength char-
acteristics significantly exceed those
of zirconium alloy and the properties
of a standard bar of this alloy for
dental purposes.

A typical form of the tensile dia-
grams of the studied samples of the
Zr-Ti-Nb alloy is shown in Fig. 14.
The tensile curve had characteris-
tic sections: proportionality (up to
stresses of about 620 MPa), a material
yield plateau of 700 MPa, and a tensile
strength of about 720 MPa (Fig. 14).

The fracture surfaces of the samples under the action
of impact loading were characterized by a fine-crystalline
structure (Fig. 15, a). It should be noted that on the fracture
surface layers of deposited metal were found in the form of
thin stripes, which at different angles of view had a dark or
light shade. It is seen that the structure of the metal is dense,

a




without defects (Fig. 15, b). As a result of our study using an
electron microscope (Fig. 16) it was established that the na-
ture of the fracture of the samples was viscous, had a pitted
microrelief.

Table 3

Comparison of mechanical properties of samples grown using
additive electron beam printing technology from zirconium alloy

Zr-Ti-Nb and titanium alloy Ti-6Al-4V

Material oy, MPa|cy,, MPa|E, GPa |8, % |KCU, J/cm?
ZE-TEND (electron |- o) | ) | gg gau | 55 4.1
beam growing)
Ti-6Al-4Ve,; [6] 860 790 | 113.8 | 15 3.2%% y j
standard rod WD: 12.55 mm MIRA3 TESCAN|
T. 6A1 4V [26] ( l View field: 500 ym Det: SE 100 pm
1- - elec- SEM MAG: 758 x
tron beam growing) 1032 973 - 12 -

Note: * - determined by the pulse excitation method; ** - the sample was cut

from a standard rod @12 mm of Ti-6Al-4V alloy.

Fig. 16. Microrelief of the fracture surface of the sample
after mechanical testing, x800

6. Discussion of results based on the research into
the structure and properties of Zr-Ti-Nb alloy
billets obtained by the additive method

The quality of articles manufactured using additive
technologies primarily depends on the starting materi-
al - powder. As is known, the main requirements for the
quality of additive powder are the following:

- sphericity;

— absence of satellite particles on the surface;

- the surface of the granules must be smooth and
unoxidized;

- the composition of the powder does not allow
non-metallic particles or particles of another metal;

—the chemical composition and microstructure of
the powder particles must be homogeneous, without mi-
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Fig. 14. Tensile diagram of tested samples of Zr-Ti-Nb alloy
grown by electron beam technology (different color corresponds

to different samples)

a b

Fig. 15. Macrostructure of fracture surfaces of samples after impact
bending tests (view at different magnifications): a — x3; b — x12.5

Fig. 16 demonstrates that the interface of the deposited
layers is not detected at electron microscope magnifications;
the grown material is monolithic and homogeneous.

Therefore, the electron beam growing mode with a
beam energy density of 40 J/mm? and a movement speed of
500 mm/s could be recommended for the manufacture of
dental implants from zirconium alloy Zr-Ti-Nb.

1 cropores and non-metallic inclusions;
12 —the size of the powder particles must not ex-
ceed 100 microns.

The size and shape restrictions are related to the
technological properties of the powder - smooth spheri-
cal particles have better flowability and bulk density. In
turn, the strict requirements for the quality of the metal
of the powder particles are related to the fact that these
characteristics could be inherited by articles printed
from this powder. The centrifugal plasma spraying mode
is combined, where the metal of each powder particle un-
dergoes quenching during cooling, and the subsequent
separate heat treatment. This allowed creating a special
phase and structural state of the powder granules - a
structure of dispersed micro grains (Fig. 6). When form-
ing such a microstructure in the powder particles, the
chemical elements are evenly distributed, there are no
microleakages, which was confirmed by the results of
X-ray spectral microanalysis (Fig. 7).

Therefore, our studies of zirconium alloy powder
with the Zr-Ti-Nb alloying system have made it possible to
establish that the powder used for electron beam printing of
experimental samples met the quality criteria for powders in
additive technologies.

As shown in studies on various alloys [1,4], the energy
density of the electron beam and the speed of its movement
affect the state of the resulting surface. Thus, in some cases



it is smoother, in others it is rougher, bumpy, or with conical
protrusions, which is unacceptable for the finished product and
requires additional processing operations. Therefore, the criteri-
on for surface quality was chosen as a flat and smooth surface
with the lowest roughness. The roughness of the surface varied
depending on the amount of specific energy introduced into the
material during the printing process. With excessive melting
intensity, a conical protrusion was formed on the surface of indi-
vidual samples (No. 15, No. 20, No. 25) in the central part. This
could be explained by the high concentration of beam energy
during their creation (Fig. 8,9, a-c). The combination of these
factors (high energy density and maximum beam movement
speed) caused the accumulation of thermal energy and uneven
temperature distribution in the body of the sample. At the same
time, on some samples without conical protrusions (Fig. 9, d-f)
a surface with high roughness was formed (for example, sam-
ples No. 18, No. 23, No. 24). Such a surface was created under
conditions of low energy density of the electron beam and its
slow movement. Therefore, the manufacture of samples accord-
ing to technological modes No. 18, No. 23, No. 24 led to uneven
melting of the metal throughout the thickness of the layers. As a
result, crystallization defects (micropores, non-fusion of powder
particles, etc.) were detected in the cross-section of the samples,
which also had access to the surface and thereby increased its
roughness. Therefore, the selected quality criteria were met
by, for example, samples No. 16, 18, 24 (Fig. 9, g, i) and sample
No. 19 (Fig.10). The specified samples were manufactured
under conditions of moderate intensity of specific energy of the
electron beam and sufficient speed of its movement.

In addition to the surface condition, an important character-
istic of the material grown using additive technology is its mi-
crostructural condition and the absence of microdefects (pores,
sinks, etc.) over the entire cross-section. The presence of mi-
crodefects in the studied samples, shown in Fig. 11, 12, is asso-
ciated with insufficient temperature for fusion of powder par-
ticles and directly layers due to the low energy density of the
process. In samples grown with a high energy density of the
electron beam (60...70 J/Jmm?), round and elliptical micropores
30-60 um were found, examples of which are shown in Fig. 12.
This could be explained by shrinkage processes under conditions
of maximum rapid beam movement and rapid crystallization of
the deposited layers. Micropores could become stress concentra-
tors and the site of crack initiation. Therefore, pores are unac-
ceptable for articles of critical purpose, such as implants.

The materials science approach to solving problems of vari-
ous metallic materials implies that the required level of mechan-
ical properties is provided by a certain chemical composition and
its microstructure. When working with one alloy, the chemical
composition is a constant parameter. In turn, the microstructure
of samples grown under different conditions changed. To assess
the microstructure, a dispersed equiaxed microstructure was
chosen as the standard, which is characteristic of titanium alloys
with high strength characteristics and resistance to fatigue frac-
tures — regulated for highly loaded aviation parts.

Considering the closeness of the atomic radii of zirconium
and titanium, as well as similar physical and mechanical prop-
erties of these elements, it was assumed that the zirconium alloy
Zr-Nb-Ti would have similar dependences. The microstructure
of Zr-Ti-Nb alloys is similar to titanium alloys and is formed
according to the same principles. Namely, during casting, a den-
dritic structure is formed, the size of the dendrite cells depends
on the heat removal rate, which depends on the energy of the
electron beam, the scanning speed, and the thickness of the de-
posited layer. During deformation, the coarse microstructure is

crushed, and various stages of recrystallization occur, the start-
ing temperature of which depends on the degree of deformation.

The best combination of strength and ductility is usually pro-
vided by a fine-grained equiaxed microstructure, higher fatigue
strength is provided by alloys with a lamellar misoriented micro-
structure. Large lamellar grains and grains with a thick rim from
other phases usually have alloys with low strength and ductility.
Therefore, the criteria for evaluating the microstructure were:

— type of structure (dendritic, equiaxed, lamellar);

- grain size and thickness of intergranular boundaries.

A satisfactory microstructure of the studied zirconium alloy
was considered to be an equiaxed type structure with a grain
size from 15 um to 40 um, with thin intergranular boundaries.

By changing the technological modes of electron beam
surfacing, it is possible to influence the process of structure
formation, therefore, it is possible to obtain the required micro-
structure and material properties of the experimental samples
from the Zr-Ti-Nb alloy.

Thus, at the minimum electron beam velocity (250 mm/s),
the material structure of the experimental samples consisted of
columnar dendrites with dimensions of ~50...130 um, elongat-
ed in the direction of heat removal (shown in Fig. 13, @). This
was probably due to the rather slow heat removal between the
deposited layers and the low temperature gradient. In samples
manufactured with a beam energy density within 30 J/mm3, the
microstructure consisted of more compact grains, somewhat
elongated in the direction of heat removal. With an increase in
the electron beam energy density to 40 J/mm?, the grains in the
microstructure of the samples approached the equiaxed form,
their size was 20...40 um. Such changes in the microstructure
are probably associated with a more uniform distribution of
thermal energy. Such a distribution allows the metal grains to
crystallize quickly, and the grains do not have time to grow.
Significant grain growth was observed in the microstructure
of samples manufactured at a beam energy of 70J/mm?3. In
addition to the grain size, the thickness of the grain bound-
aries has a significant impact on the properties of the alloy.
Thickened grain boundaries due to the separation of the second
phase in the form of a mesh negatively affect the strength and
ductility. Comparing the structure of the studied samples of the
Zr-Nb-Ti alloy, it could be concluded that thinner and broken
grain boundaries were observed in sample No. 19. Thus, accord-
ing to the results of metallographic research, the most rational
structure and surface condition of the samples were formed
with the electron beam surfacing mode: 500 mm/s, 40 J/mm?.
This mode was chosen for growing prismatic blanks for samples
for mechanical tests.

The results of mechanical tests of zirconium alloy samples
showed that the obtained material had a modulus of elasticity
2 times lower than that of the Ti-6Al-4VELI alloy, and an im-
pact strength approximately at the level of the titanium alloy.
The strength characteristics and plasticity are somewhat lower
than those of the titanium alloy. It is also important to compare
the properties of the studied zirconium samples with titanium
samples grown using the same electron beam printing tech-
nology. Table 3 gives the mechanical properties of samples of
the titanium alloy Ti-6Al-4V, manufactured by electron beam
surfacing, for comparison. The data presented show that the
strength characteristics of the titanium alloy significantly
exceed the zirconium alloy and the properties of a standard
bar of this alloy for dental purposes. This could be explained
from the point of view of microstructural differences between
a standard deformed bar in the annealed state and a sample of
the Ti-6Al-4V alloy grown by electron beam. In small diame-



ter rods, as a rule, the microstructure belongs to the equiaxed
type with the dimensions of the a/B-phases within 20...40 um.
At the same time, as a result of electron beam surfacing, a
fine-plate morphology of the o/B-phases or a mixture of the
stable a-phase and a’-phase of the martensitic type could be
formed. The martensitic microstructure in this case is formed
as a result of rapid cooling of thin layers of the deposited metal.

It should be noted that ultra-high strength does not always
satisfy the operating conditions of implants and could signifi-
cantly exceed the properties of human bone. Therefore, doc-
tors are more often guided not by strength but by the modulus
of elasticity of the material and a sufficient margin of plasticity
and toughness, biocompatibility of the alloy, etc. [10]. In this
sense, the mechanical properties of the zirconium alloy Zr-Ti-
Nb samples grown by electron beam technology could become
a competitive alternative to titanium alloys. The presence of a
pitted microrelief on the fracture surface of the samples after
mechanical tests characterizes the ability of the Zr-Ti-Nb alloy
to plastic deformation. This, along with the low modulus of
elasticity, makes the zirconium alloy more suitable than titani-
um for use in the manufacture of implants.

Thus, as a result of electron beam growth, samples of an
alloy based on Zr-Nb-Ti with a high-quality surface, without
internal defects and with a satisfactory level of mechani-
cal properties were obtained. At the same time, the elastic
modulus of the obtained material is closer to the elasticity of
human bone than the titanium alloy Ti-6Al-4V.

For the manufacture of dental implants from zirconium
alloy Zr-Ti-Nb, a rational mode of electron beam growth was
chosen (electron beam movement speed 500 mm/s, beam
energy density 40 J/mm?).

Our research results have limitations. These are, first of all,
the small sizes of the obtained workpieces. Additional studies
are necessary for the manufacture of larger workpieces by
electron beam layer-by-layer surfacing, which is required, for
example, in orthopedics. Secondly, there is a question of lower
plasticity compared to the titanium alloy Ti-6Al-4VELL. It is
necessary to find out how much the dental implant requires a
reserve of plasticity at the level of a titanium alloy. This issue
could be resolved by modeling the implant load, for example,
using the finite element method. The research also did not
determine the effect of heat treatment on the structure and
material properties of the resulting blanks, which could be at-
tributed to the shortcoming of this work. This provides a basis
for further research on low-modulus zirconium alloys.

3. The microstructures of the obtained samples from the
Zr-Ti-Nb alloy system differed in grain size and shape. The
dispersion and morphology of the grains changed depending
on the specific energy transferred by the electron beam. At its
low values (30 J/mm?3), the microstructure of the samples was
characterized by elongated grains oriented in the direction of
heat removal. At the same time, microdefects (pores, non-fu-
sion) were detected in the structure. An increase in energy
to 40 J/mm? contributed to the formation of a dense metal
structure with equiaxed grains of 40...50 pm. Excessive melt-
ing intensity (70 J/mm?®) caused grain growth (>100 um) and
the formation of pores.

4. Electron-beam 3D printing under the defined
mode (beam speed 500 mm/s, energy density 40 J/mm?)
made it possible to form a dispersed microstructure and a
surface without defects in the sample material. The results
of our research showed that electron-beam growth makes it
possible to produce blanks for dental implants of high quality
from spherical powders of the Zr-Ti-Nb alloy.

5. The mechanical properties of the material of the sam-
ples grown using electron-beam printing technology from
the zirconium alloy Zr-Ti-Nb are somewhat lower in terms of
strength and plasticity than the titanium alloy Ti-6Al-4V. At
the same time, the value of the elastic modulus of zirconium
samples is up to 2 times lower than that of titanium and is
closer to the properties of human bone.
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1. Our studies allowed us to establish that the powder
from the Zr-Ti-Nb alloy system, used for electron beam print-
ing of experimental samples, met the quality criteria for pow-
ders in additive technologies. The main ones are the average
size of the powder particles, which was 60...85 microns, a
homogeneous structure, and chemical composition.

2. Experimental samples were manufactured using 25
electron beam surfacing modes. As a result, the samples were
grouped into three types according to the surface condition:
rough, smooth, bumpy. It was established that the bumpiness
and rough surface are due to the presence of crystallization
defects — micropores, discontinuities, the size of which de-
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