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A B S T R A C T

Introduction. The development and application of additive manufacturing depends on many factors, including 
the printing process performance and buy-to-fly ratio. Wire-feed electron-beam additive manufacturing (EBAM) is 
attracting more and more attention from research teams. Moreover, the use of electron beams is the most effective and 
competitive for additive manufacturing of parts from alloys possessing high oxidation characteristics, e.g., titanium, 
stainless steels, since selective laser melting occurs in vacuum. Welding titanium wire VT6sv is the most preferable 
choice due to its availability and a wide range of thickness. This alloy, however, has fewer alloying elements than 
VT6 (Ti–6Al–4V) alloys. The high performance of wire-feed 3D printing and the VT6sv alloy composition affect the 
structure, phase composition, and properties of the fabricated alloy. As is known, the elastic modulus and hardness 
of alloys are important parameters, which can be measured rapidly also using non-destructive testing. The purpose 
of this work is to study the application of different approaches to measuring the elastic modulus and hardness 
of products obtained by wire-feed EBAM using the equipment of the Institute of Strength Physics and Materials 
Science SB RAS. Research methods. The structure of VT6sv titanium alloys fabricated by 3D printing and VT1-
0 (Grade 2), VT6 (Ti–6Al–4V) alloys, was investigated by different methods such as metallography, ultrasonic 
gauging, instrumented indentation technique, macro- and micro-indentation, indentation hardness testing. Results 
and Discussion. Titanium alloy fabricated from VT6sv titanium wire under different thermal conditions has a 
typical columnar structure throughout the forging height. The structure formation determines the elastic modulus 
and hardness at various points of the forging. It is found that the elastic modulus is higher than that of as-delivered 
Ti–6Al–4V alloys, while the hardness is lower. Micro-indentation shows lower values of the elastic modulus than 
macro-indentation, which approach to values obtained by ultrasonic gauging and in other works. Different values 
of the elastic modulus at different points of the 3D printed forging indicate its sensitivity to the structure and phase 
composition of the material and demonstrate capabilities of measuring techniques used in this work.
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Introduction

Titanium (Ti) and titanium alloys are widely used in biomedicine due to its biocompatibility, corrosion 
resistance, and high specific strength. In the case with titanium prosthetic implants, its fatigue strength, 
tensile strength, and elongation are important in a substitution of load-bearing hard tissues [1]. Strength and 
hardness of parts fabricated by conventional techniques can be controlled rather easily, as its mechanical 
properties are almost the same as forgings it is obtained from. However, for example, when milling parts, 
some of materials go to waste. That is why additive manufacturing (AM) becomes more preferable both 
in medicine and other production activities based on expensive and hard-to-machine materials [2]. While, 
AM process parameters such as heat source power and velocity, surface power density, scanning mode, 
affect the melt pool shape and dimensions during the process. This determines the thermal cycle, cooling 
rate, temperature gradient, and solidification rate affecting the structure formation and properties of printed 
parts [3]. Mechanical properties of the material fabricated by selective laser melting (SLM) or directed 
energy deposition (DED), depending on the structure formation, determined by thermal conditions, are 
widely discussed by research teams. These studies are focused on the understanding of AM processes and 
its optimization [4–9], since the properties of fabricated products should satisfy standard requirements [10]. 
Both methods of material physics and mechanical strength testing accompanied by specimen disintegration 
are widely used. And interest in applying non-destructive testing, capable to detect and measure strength 
properties of the material, is understandable. Among mechanical properties that are most often measured by 
non-destructive testing methods, the elastic modulus and hardness, measured by ultrasonic testing [11–14], 
and elastic modulus, measured by instrumental indentation techniques [15–18], should be highlighted. When 
ultrasonic method is used to control the quality, the specimen retains its integrity. But the determination 
of the elastic modulus requires specific specimen geometry due to the structural performance and sensor 
dimensions. Only indentation techniques can therefore be really discussed as a prospect application of non-
destructive testing method. A comparison of the elastic modulus, measured by indentation techniques and 
ultrasonic gauging, is very useful and informative [19]. Although GOST R 8.748-2011 gives the requirements 
for the macro- and micro-indentation loads, the obtained test results require thorough discussion and 
comparison [20].

It should be noted that elastic modulus is a key parameter in the material design and engineering. 
According to Zolotarevsky [21], the elastic modulus of pure metals is a low-sensitive parameter of the 
structure. In works [22, 23] it is found that this parameter changes during the transition of pure metals from 
coarse- to nano-crystalline state. Of great importance is the problem of the elastic modulus stability after 
different thermal treatment of Ti alloys, most of which consist of two phases [24]. According to numerous 
studies, elastic modulus, for example, for the VT6 (Ti-6Al-4V) alloy, ranges between 90 and 145 GPa [24]. 
It is shown that it depends on many factors, namely structure, its homogeneity, forging shape, and size of 
area to be measured.

Elastic modulus of Ti alloys used in medicine, is an important parameter, which determines 
biocompatibility of implants. Its reduction to the elastic modulus of bone tissue is gained by additional 
doping of alloys, which leads to significant changes in its structure and phase composition [25, 26]. 
Controlling the values of the elastic modulus of alloys, especially at the stage of technology development, 
is of great importance.

Ti alloys for additive manufacturing are exposed to a specific influence leading to the formation of 
inhomogeneous and anisotropic structures and phases. SLM or electron-beam additive manufacturing 
(EBAM) provide the formation of products with required properties [27]. The improvement of the economic 
efficiency of additive manufacturing, for example, increasing the wire-feed 3D printing performance, is 
associated with a complicated control for thermal conditions, and the alloy acquires a specific structure 
and phase composition [28, 29]. In the literature on AM-fabricated Ti alloys, information about the elastic 
modulus is obtained after processing tensile/compressive strain curves or after nanoindentation [29] and, 
to a lesser extent, after ultrasonic gauging [30]. In studying alloys with a complex structure and phase 
composition, it is expedient to apply several methods to measure the elastic modulus [31].
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Today, the widespread instrumental indentation technique allows measuring the elastic modulus in 
real conditions, which also provides detection of other strength properties such as tensile strength, yield 
strength, crack resistance [32, 33].

This work presents studies on measuring the elastic modulus and hardness using ultrasonic gauging 
and macro- and micro-indentation of VT6sv titanium plates. The latter are fabricated by wire-feed EBAM 
and its properties are compared to those of VT1-0, VT6 and Ti-6Al-4V alloys obtained by conventional 
techniques. Discussion of measurement results obtained for the elastic modulus and hardness by various 
techniques assists in further understanding of the obtained values on the structure and phase composition 
of AM-fabricated Ti alloys.

Methodology

Materials

In our experiments, the Ti alloy was fabricated by wire-feed EBAM using the welding titanium wire 
VT6sv with a diameter of 1.6 mm. The chemical composition of this wire met the requirements of GOST 
27265. It differed from the VT6 alloy in that the content of alloying elements corresponds to the lower limit 
of alloying values. Also, VT1-0 (Grade 2), VT6 and Ti-6Al-4V titanium rolled sheets were investigated. 
The chemical composition of VT1-0 and VT6 alloys matched GOST 19807–91, whereas the composition 
of the Ti-6Al-4V alloy corresponded to the China national standard GB/T 3620.1-2016. This is summarized 
in Table 1.

T a b l e  1

Chemical composition of titanium alloys

Alloys Ti Al V Zr Si Fe O H N C Impurities

VT1-0 (Grade 2)* Base – – – 0.10 0.25 0.20 0.010 0.04 0.07 0.10

VT6* Base 5.3–6.8 3.5–5.3 0.30 0.10 0.60 0.20 0.015 0.05 0.10 0.30

Ti-6Al-4V** Base 5.5–6.75 3.5–4.5 – – 0.3 0.20 0.015 0.05 0.08 0.4

VT6sv*** Base 3.5–4.5 2.5–3.5 – 0.10 0.15 0.12 0.003 0.04 0.50 0.30

* GOST 19807–91
** GB/T 3620.1-2016
*** GOST 27265–87

Alloy specimens were fabricated on a laboratory EBAM system developed in the Institute of Strength 
Physics and Materials Science SB RAS [34]. The EBAM process was performed in vacuum, at a pressure 
ranging between 10–3 and 10–2 Pa. The 150×60×2.5 mm3 titanium VT1-0 substrate was positioned on a 
160×60×5 mm3 protective layer made of stainless steel. All this was mounted to a triaxial working table via 
metal clamps. The working table was equipped with liquid cooling, and during printing the temperature was 
maintained at 13–15 ℃. After the 20th layer, the beam current was reduced from 55 to 40 mA to decrease 
the heat input. CAD-assisted 3D printing provided the fabrication of 100×60×8 mm3 plate, one plate is 
demonstrated in Fig. 1, а. The obtained plates were milled and polished for ultrasonic gauging, indentation, 
and hardness measurement in 89×39×3 mm3 areas indicated in Fig. 1, b.

Ultrasonic gauging

In order to detect the elastic modulus and hardness by ultrasonic gauging, instrumental indentation and 
metallography, the electric discharge machining was used for cutting test specimens from different sectors 
of the plate. Cutting was performed according to the requirements for specimen dimensions in these mea-
suring techniques.



OBRABOTKA METALLOV MATERIAL SCIENCE

Vol. 25 No. 4 2023

                              а                                                                                               b
Fig. 1. General view of 3D printed specimen (a): I – VT1-0 substrate, II – wire-feed EBAM plate, III – cut area  

for testing; indentation measurement segments (b): 0 – in XY plane, 1 –6 – in XZ plane

The ultrasonic thickness gauge 38DL PLUS (Olympus), presented in Fig. 2, а, was used to measure the 
elastic modulus. The requirements for the specimen dimensions were determined by the size of the shear 
wave probe V156 (5 MHz) and longitudinal wave probe V112 (10 MHz). The specimen height should ex-
ceed the probe diameter (Fig. 2, b).

The mean thickness value was obtained after 10 measurements of each specimen. The wave velocity 
was obtained by measuring the specimen thickness and the time of the wave propagation. Poisson’s ratio ν 
and elastic modulus E were calculated from (1) and (2):
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where VT is the shear acoustic velocity; VL is the longitudinal acoustic velocity equaling the doubled thick-
ness divided by the time of back and forth propagation; ρ is the density.

The elastic modulus was calculated according to ASTM E494-15 [35].

                а                                                           b
Fig. 2. Photograph of ultrasonic thickness gauge 38DL PLUS (a); 

schematic ultrasonic gauging (b): 
1 – probe, 2 – specimen
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Indentation elastic modulus

Macro-indentation

Measurement of the elastic modulus during macro-indentation of a Ti alloy plate fabricated by 3D print-
ing was carried out by the instrumental indentation system AIS3000 HD (FRONTICS, Korea) [32, 33, 36] 
presented in fig. 3, а, b. The procedure is schematically illustrated in fig. 3, c, d.

 

 
b 

  
а c d 

 

2 

1 

5 mm 

R = 0.25 m
m 

Fig. 3. General view of the AIS3000 HD (a); indentation assembly (b): 
1 – Vickers indenter (Dia. 0.5/1.0 mm), 2 – specimen; schematic indentation (c): 1 – rounded tip, 2 – specimen; 

points of indentation (d)

The AIS3000 HD operating principle is based on the penetration of an indenter into the inspected object 
under a gradual loading and subsequent periodic partial unloading followed by complete unloading after 
reaching the maximum penetration depth. Firmware controls the system operation and displays control 
parameters such as load, depth, loading rate. External software is installed on a PC to control the system op-
eration and display, store, communicate, and statistically process results of measurement. External software 
detects such properties as elastic modulus, hardness, residual stress, tensile strength, and crack resistance 
(fracture toughness) based on the load-penetration curve.

The indentation load is measured by a strain gauge, and the indentation depth is determined by a dis-
placement sensor. The system operation is based on instrumented indentation, i.e., indentation of the tip 
(indenter) into the inspected material according to both GOST R 8.748-2011 [17] and ASTM E2546-15 [15]. 
The instrumental indentation technique helps to determine the dependence between the penetration force 
and depth at its gradual variation. The AIS3000 HD provides fast and easy inspection not only of parts, but 
also various products.

A WC spherical indenter with a radius of 250 mm was used for indentation at a load of 600 N. Each 
test included 15 “loading →partial loading → intermittent unloading” cycles at a loading rate of 0.3 mm/
min. Load-penetration curves were continuously obtained during indentation and then converted into “true 
stress-true strain” curves. All indentation tests were performed at room temperature.

The elastic modulus is determined by the contact stiffness S (the slope of the tangent to the unloading 
curve when the force F is removed, shown in fig. 4). The straight section of the unloading curve describes 
the elastic recovery of the material. The unloading curve can be expressed as:

 ( )mfF k h h= − , (3)

where m and k are correlation constants.
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where v and vi are Poisson’s ratios for the material and indenter, respectively; Er is the reduced elastic 
modulus; Ei is the elastic modulus of the indenter tip.

The equation that describes the reduced elastic modulus is as follows:

 1
,

2r
c

E S
A

π
=   (6)

where Аc is the actual contact area of the spherical indenter tip with regard to the height of the plastic pile-up 
hpile and the elastic contact depth hd.

The real contact area Аc is determined with respect to the actual contact radius а and is the function hc 
of the contact depth and the material:

   ( ).c cÀ f h=  (7)

The contact depth at the current penetration force can be obtained from the analysis of the unloading 
curve (fig. 4) using the indenter geometry, elastic strain, and morphology of deformed surface.

In figs. 4 and 5, the following notations are used:
Fmax: Maximum penetration force;
hp: Residual indentation depth after Fmax removal from the specimen;
hr: Point of intersection of the tangent to curve at Fmax with the indentation depth-axis;

Fig. 4. Schematic “loading/unloading” curves of indentation 
for a single cycle
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Fig. 5. Morphology of deformed surface of the material

hmax: Maximum indentation depth at Fmax;
hc: Depth of the contact of the indenter with the test piece at Fmax;
hpile*: Height of plastic pile-up;
hd: Depth of elastic contact;
R: Radius of spherical tip;
а: Actual contact radius;
а*: Contact radius without pule-up.
We thus obtain:

 * * *
max ,c c pile d pileh h h h h h= + = − +   (8)

 max max( ) 0,75 / ,d rh h h F S= ω − =   (9)

where ω is the indenter shape index equaling 0.75 for spherical tip.
Therefore,

 * * *
max max(0,7 ,5 / )c pile pileh h h F S h+ = − +  (10)
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The plastic pile-up can be expressed through the constant с and connected with the strain hardening n 
of the material by the empirical relation 
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where a is the actual contact radius; а* is the contact radius without pile-up.
Based on the geometry of the spherical indenter, the actual contact radius is expressed as hc and the 

indenter radius R:

 ( )2 * *25(2 )
2 .

2(4 ) c c
n

à Rh h
n

−
= −

+
 (13)

The actual contact area Ac is determined by the actual contact depth hc correlating with hpile* and hc*:

 ( )22 .c c cA Rh h= π −  (14)
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Micro-indentation

The elastic modulus and microhardness testing was performed on a DUH-211S Dynamic Ultra 
Microhardness Tester (Shimadzu, Japan) fitted with a Berkovich three-sided pyramid indenter with  
α = 65.03°. The maximum test force was 2,000 mN (fig. 6).

The indentation elastic modulus is calculated from (5), where Poisson’s ratio for diamond is 0.07, the 
elastic modulus for diamond is 1.14‧106 N/mm2, in this case the reduced elastic modulus in the indentation 
region Er is determined as follows:

 ,
2

r
p

S
E

A

π
=  (15)

where Ар is the cross-sectional area of the contact surface between the tip and specimen, which is deter-
mined by the load curve on F–h diagram and the tip area function.

For the Berkovich tip, Ар is calculated as follows:

 4.8 .96p cA h=  (16)

The DUH-211S provides a continuous measurement of the material stiffness along with loading and 
displacement as a continuous function of the penetration depth. The hardness and elastic modulus are 
calculated at each data point recorded during testing.

Microhardness measurement

A DuraScan-10 hardness tester (EMCO-TEST, Austria) for high load range testing was used to measure 
the hardness under 100 g load for 3 s. Measurement was conducted in the XZ plane, on the left side  
at point 0 (see fig. 1, b).

Fig. 6. General view of a DUH-211S Dynamic Ultra Microhardness Tester (a);  
test section (b): 

1 – probe, 2 – specimen; schematic loading (c): 1 – Berkovich indenter, 2 – specimen; 
point of indentation (d)
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Metallography and elemental analysis

The preparation of specimens for metallographic studies and elemental analysis was carried out by 
cutting it from various sections of the printed plate and then grinding the surfaces using sandpaper with 
a consistently decreasing grain size of the abrasive. Final polishing was carried out using diamond paste.

The microstructure of the specimens was investigated using an Axio Observer A1m Inverted Microscope 
(Carl Zeiss, Germany) after chemical etching with Kroll’s reagent consisting of 10 mL HNO3, 3 mL HF, 
and 87 mL H2O.

An Oxford Instruments INCA X-Act Energy dispersive X-ray (EDX) spectroscopy on the scanning 
electron microscope Zeiss EVO 50 XVP (Germany) was carried out to investigate the fine structure and 
chemical composition of the structural elements. The EDX analysis was performed in two planes with a 
scanning step of 0.25 µm.

Results and discussion

Structure and elemental composition

Materials fabricated by selective laser melting (SLM) or wire-feed EBAM are characterized by the het-
erogeneous and anisotropic structure and properties [28], determined by layer-by-layer fusing by the elec-
tron beam. It is well known that cooling rates in the majority of conventional casting techniques can range 
from several tens to a thousand of kelvin per second, which induces significant changes in the structure 
and properties of the manufactured material. In additive manufacturing, cooling rates of the melt can range 
from 103 to 108 K/s. Moreover, temperature gradients reach 106 K/cm [37] in some regions. The structural 
features and its effects on the properties of titanium alloys were most often evaluated using metallography 
methods and mechanical tests for hardness and strength, mainly under tension, for specimens obtained by 
selective laser melting [38, 39]. In wire-feed EBAM, when the layer thickness is considerably higher than 
in SLM, temperature conditions conform with lower cooling rates, that is proven by the columnar structure, 
presented in fig. 7, а, and the cross-section of columnar crystals in the form of polygons with diagonals of 

                                             a                                                                                    b

                                             c                                                                                    d
Fig. 7. SEM images with EDX analysis in XZ (a) and XY (b) planes; microhardness distribution (c); 

elemental analysis (d)
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1 to 2.0 mm in the beam scanning plane, as shown in fig. 7, b. The nature of the change in microhardness 
values in the presented planes also indicates structural inhomogeneities in the forming grains (fig. 7, c).

The average microhardness values calculated for XZ and XY planes differ from each other,  
viz. 334±14 HV0.1 and 304±16 HV0.1, respectively. Unlike the EDX analysis of the microhardness 
distribution, the EDX analysis of the elemental distribution in weight percentage (fig. 7, d) at different 
points shows no significant change, which indicates the leading role of inhomogeneity of the structure, 
rather than the phase.

Ultrasonic gauging of elastic modulus and Poisson’s ratio

The elastic modulus and Poisson’s ratio for specimens prepared from different alloys are presented in 
table 2.

T a b l e  2

Elastic properties determined by the 38DL PLUS
Alloys →

Properties↓ VT1-0* VT6* Ti-6Al-4V* 3D printed VT6sv

Elastic modulus E, GPa 109±1 120±1 130±1 131±1

Poisson’s ratio, ν 0.33±0.03 0.32±0.03 0.31±0.03 0.27±0.03

* As-rolled alloys

As reported in early research [40] on the values of elastic moduli of commercially pure Ti alloy and  
Al- and V-doped Ti alloys, this parameter for cast alloys was 92 and 108 GPa at 160 and 294 HV, respec-
tively. At the same time, the sensitivity of the elastic modulus to the phase composition and crystal struc-
ture was observed. The structure formation and properties of such alloys were investigated in [34, 41]. The 
structure consisted of lamellas and a + b phase colonies of different length and width. β-phase lamellas 
were smaller and located between a-phase lamellas, as presented in fig. 7а, b. It is very important that the 
presence of the β-phase provided its hardness growth even in the presence of the martensitic α’-phase. That 
indicated the predominant role of the solid solution hardening. The elastic modulus decreased with increas-
ing content of the β-phase [42]. It was important to compare the data of titanium master alloys and commer-
cially pure titanium, since the latter possessed a homogeneous structure unlike binary master alloys [43].

According to reference data in recent research, the elastic modulus is 100 to 110 GPa for pure titanium 
and Ti-6Al-4V system alloys, either cast or rolled [43] and 120 to 125 GPa at 400 to 420 HV hardness of 
the master alloy, respectively [27]. At the same time, the elastic modulus measured by ultrasonic gauging is 
120 GPa for pure titanium in the initial state [43].

As can be seen from table 2, the elastic modulus for VT1-0 and VT6 alloys is in good agreement with 
that obtained in [27, 43], whereas the elastic modulus for the Ti-6Al-4V alloy significantly differs due to, 
probably, significant difference in its structure and phase composition.

Instrumental indentation [19, 22, 33, 36, 43] and nanoindentation [27] measurements of the elastic 
modulus for Ti alloys obtained by both conventional methods and additive manufacturing, are more com-
mon than ultrasonic gauging [19, 43].

Macro-indentation of elastic modulus and microhardness

The macro-indentation depth is ~150 mm, indentation point diameter is 0.5 mm (fig. 3d), which does not 
violate the integrity of the sample material and does not change its physical properties. At the same time, 
the dimensions of the material involved in the measurements exceed those analyzed during nanoindenta-
tion by more than an order of magnitude and are commensurate with the grain sizes. The elastic modulus 
is detected using the load-unload curves obtained by the above-described procedure and presented in fig. 8. 
The indenter penetration in the material induces its stress-strain state.
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Fig. 8. Load-penetration curves of instrumental indentation using 
the AIS3000 HD

Indentation with multiple intermittent unloading results in a set of parameters in a wide indentation range, 
i.e., at different depth of penetration with gradually increasing penetration force. Using these parameters, 
the reduced elastic modulus is calculated in the whole range of elastoplastic deformation in the indentation 
zone. The elastic modulus and microhardness, obtained in XZ and XY planes, are shown in fig. 9.

As can be seen in fig. 9, а, b, absolute hardness values at different points with the structure shown in  
fig. 7, а, differ insignificantly, while in-plane hardness values matching structures shown in fig. 7, b, are 
slightly lower. Similar findings are presented in many works. As for absolute values of the elastic modulus, 
it differs from each other at different points and planes. As in the case with rolled alloys, the elastic modulus 
is different in the scanning plane and growth plane (fig. 9, b, c). And its absolute values are considerably 
lower than those obtained by ultrasonic testing.

Micro-indentation of elastic modulus and hardness

Load-depth curves in fig. 10 are obtained for four alloys. Great difference in the residual penetration 
depth indicates different resistance to deformation or hardness of alloys. One can see that after unloading, 
the residual depth for the VT1-0 alloy is higher than for other alloys. It means that this alloy is softer, while 
for other alloys, the tangent slope is close to the unloading curve.

Table 3 presents the elastic modulus and hardness for Ti alloys measured by various indentation 
techniques in different planes.

In this table, terms longitudinal and vertical mean that the indentation load is applied in XZ and XY 
rolling planes, respectively. 

The obtained hardness values correspond to the values inherent in the alloys under study and show a 
difference depending on the measurement plane, both for rolled material VT1-0 and printed VT6cv. Values 
of the elastic modulus demonstrate its dependence on the structure and phase composition of Ti alloys. 
According to Lutfullin et al. [24], in Ti alloys consisting of a hexagonal α-phase and body centered cubic 
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c
Fig. 9. Elastic modulus and hardness measured by the AIS3000 HD at different points: 

a – points 1, 2, 3; b – points 4, 5, 6; с – point 0 (XY plane)

                                       a                                                                                                b

Fig. 10. Load-depth curves
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T a b l e  3

Physical and mechanical properties of Ti alloys

Alloys → / Measurement methods and 
properties↓ VT1-0* Ti-6Al-4V* 3D printed 

VT6sv VT6*

Macro-indentation E, GPa
Longitudinal 110±8 110±13 XZ 103–131

108±4
Vertical 102±3 111±10 XY 90–100

Micro-in-
dentation

DuraScan-10 HV0.1
Longitudinal 168±5 370±23 XZ 334±14

339±6
Vertical 170±6 375±25 XY 304±16

DUH-211S
EIT = 0.5 GPa 99±3 94±1 90–100 90±2

HIT = 0.5 N/mm2 1930±152 3913±129 3552±259 3660±105

Note. EIT: Indentation elastic modulus, HIT: Indentation hardness
*As-rolled alloys

β-phase (VT6, Ti-6Al-4V and VT6sv), the elastic modulus may depend on the ratio between these phases, 
as the elastic modulus for the α-phase is higher than for the β-phase. Lutfullin et al. attribute changes in the 
elastic modulus not only to the structure and phase composition of the 3D-printed VT6sv alloy, but also to 
the crystallographic texture. The latter plays an important role for the single-phase VT1-0 alloy. As reported 
in [43], this alloy predictably manifests a homogeneous structure and is often used as a standard material 
for nanoindentation measurements of the elastic modulus for Ti alloys. As for the welding titanium wire 
VT6sv subjected to remelting and thermal treatment during 3D printing, we observe changes in its structure 
and phase composition (see fig. 7). In addition, phases and texture modified by temperature conditions in 
different parts of the specimen, also affect the elastic modulus [34]. It should be noted that temperatures 
below the β-transus temperature, induce the formation of several structural types in the SLM Ti-6Al-4V al-
loy, namely: allomorphic crude lamellas, small lamellas/aciculae, and α-phase grains [44]. The formation of 
these structures can be observed in SLM titanium alloys [27, 30]. Structural elements include a finer grain 
structure and martensite. The grain size and martensitic component depend on the 3D printing mode, which 
determines the hardness and elastic modulus of the product. Its hardness significantly exceeds that of the 
product fabricated from the rolled alloy, i.e., 5 or 6 and 3 or 4 GPa, respectively. As for the elastic modulus, 
it is slightly lower than that of the product fabricated from cast or rolled Ti alloys, i.e., 107 to 119 GPa and 
110 to 125 GPa, respectively. In wire-feed EBAM, the layer thickness is much higher than in SLM forgings, 
and temperature conditions approach to those of casting. In wire-feed EBAM, the well-defined columnar 
structure appears throughout the forging height and equiaxial grain structure in the scanning plane (see  
fig. 7, а, b). Such an alloy structure provides its hardness common to cast alloys, which slightly differs from 
the hardness in planes of forming and scanning.

The elastic modulus obtained for all specimens, is much lower than that measured by ultrasonic gauging 
(see table 2). The highest difference in its values is conditioned by micro-indentation. The same difference 
is observed in [43], where the elastic modulus is measured by ultrasonic gauging and nanoindentation; be-
sides the attention was drawn to the fact that the accuracy should be expected to be higher if the indentation 
covers a larger volume.

All findings of the elastic modulus and hardness for the VT6sv alloy fabricated by wire-feed EBAM and 
Ti-6Al-4V and VT6 alloys in various states are presented in fig. 11, а. According to this figure, the elastic 
modulus obtained by ultrasonic testing for the printed material and rolled Ti-6Al-4V alloy, is slightly higher 
than that of initial cast and rolled alloys and those fabricated by EB-PBF in other works. Micro-indentation 
of the elastic modulus shows lower values than macro-indentation and findings of other researchers. Nota-
bly, the hardness of specimens printed from the VT6sv wire is lower than that of the Ti-6Al-4V alloy. This 
is explained by the VT6sv alloy composition, structure (see fig. 7), and microstructure [34]. The data pre-
sented in fig. 11, b correspond to cast alloys.



OBRABOTKA METALLOV MATERIAL SCIENCE

Vol. 25 No. 4 2023

Conclusions

1. Elastic modulus and hardness are obtained for the Ti alloy fabricated by wire-feed EBAM with use of 
the VT6sv wire. These parameters were measured by using three techniques: ultrasonic gauging, macro-, 
and micro-indentations. The obtained values are compared to those obtained for different rolled Ti alloys 
and those described in other works.

2. The elastic modulus of Ti alloys with different structure and phase composition are in range of 90–
100 GPa (macro-indentation) and 103–131 GPa (macro-indentation). These values correspond to the values 
for the initial and EBAM-fabricated alloys.

3. The elastic modulus for the alloy fabricated by wire-feed EBAM, are slightly higher than the known 
values presented in the literature, namely 131 and 125 GPa, respectively. On the contrary, the hardness is 
lower and matches the hardness of respective cast alloys.

4. Micro-indentation of the elastic modulus shows lower values than that when using macro-indentation; 
it is close to the elastic modulus obtained by ultrasonic gauging and in other works.

5. The difference between values of the elastic modulus at various points of the forging indicates its 
sensitivity to the structure and phase composition and demonstrated capabilities of described measurement 
techniques.

                                                 a                                                                                            b
Fig. 11. Elastic modulus (a) and hardness (b) for Ti alloys. Abbreviations: 

SLM – selective laser melting; EB-DED – electron beam directed energy deposition; EB-PBF – electron beam powder bed 
fusion; L-DED – laser directed energy deposition. Values obtained in this work are marked with an asterisk*
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