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INTRODUCTION

The most important feature of additive manu-
facturing (AM) is the ability to produce complex 
metal parts without the need for additional machin-
ing processes. This significantly reduces the produc-
tion time of finished parts. For this reason, AM is 
becoming more and more competitive with classic 
manufacturing techniques, i.e. forging and casting. 
Most standard manufacturing techniques involve 
material removal processes, which remove excess 
material to produce the component. This means 
that the amount of material used in the process is 
much greater than that from which the element it-
self is made. AM technologies gain an advantage 
due to the fact that they are able to produce much 
less waste and therefore use less material [1–4]. 
Currently, SLS and SLM are some of the most 

popular AM processes for making metal parts. 
The first one involves selective laser sintering, 
while the second one requires full melting of sub-
sequent layers. Differences in technologies may 
result in slightly different microstructures result-
ing from different process settings and, therefore, 
mechanical properties. Laser power, spot size and 
scanning speed are very important in the manu-
facturing process [5, 6]. The optimal combina-
tion of process parameters allows for obtaining 
the appropriate laser power density, which results 
in the production of a high-strength element [7]. 
High laser power density can increase the density 
of the manufactured element and minimize the 
porosity defects created during the process. The 
material can vaporize at too high laser powers, 
through the high cooling rates typical of additive 
manufacturing, while existing and accumulating 
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as a gas in the molten material layer, creating a 
porous structure. Too low laser energy density 
contributes to defects in the form of points of un-
melted material, creating discontinuities and po-
rosity [8–11]. According to [12, 13], the optimal 
laser energy density is 120 J/mm3, which allows 
for minimizing internal defects and achieving full 
density. Moreover, the laser beam diameter and 
the layer scanning method, which are related to 
the laser path during the manufacturing process, 
also influence the durability. The layers should be 
applied by changing the scanning angle between 
them, due to the reduction of material anisotropy 
caused by temperature gradients [14–19]. Chang-
ing the scanning direction corresponds to a differ-
ent direction of the temperature gradient, which is 
related to the directionality of the microstructure 
and can significantly affect the mechanical prop-
erties of the manufactured element [14, 20]. 

Temperature gradients also cause residual 
stresses in the manufactured elements. They appear 
by reducing heat conduction through the powder 
due to the rapid heating of the last applied layer 
relative to the layers located below it. The second 
mechanism of residual stress formation is the phase 
transformation resulting from solidification process-
es. These stresses contribute to lower resistance to 
deformation, reduced static and dynamic strength, 
as well as low fatigue strength [14, 20–22]. 

The surface geometric structure is also one 
of the factors that influence the strength of parts 
manufactured using additive methods. A high 
value of the roughness parameter may cause the 
formation of cracks and their propagation. The 
surface geometric structure of elements obtained 
using AM depends mainly on the thickness of 
the applied layer, the powder grains size, and 
the printing process parameters. The geometric 
structure of the surface can also be changed by 
reducing the diameter of the powder used, as 
well as increasing the laser energy density. The 
value of the surface roughness parameter may be 
influenced by unmelted powder that adheres to 
the sintered element [23, 24].

The authors [15, 25–36] point to a strong de-
pendence of the strength of elements made using 
additive technology on the angle of their posi-
tion relative to the printing direction. The lowest 
values of mechanical and fatigue properties are 
found in elements made at an angle of 90°, while 
the highest values are those produced at an angle 
of 45°. Build direction affects the way the fused 
or sintered layers are arranged. This translates 

into the obtained microstructure and grain growth 
direction, which is related to strength parameters. 
The strength of structural elements made of AM 
is therefore influenced by many factors, such as 
the quality of the powdered material, build direc-
tion, geometric structure of the surface, etc. 

Currently, additive technologies allow the 
production of structural elements from many 
types of materials, including: aluminum alloys 
(e.g. AlSi10Mg, AlF257), stainless steels (e.g. 
316L, 17-4PH, PH1, CX), tool steels (e.g. MS1, 
CX), copper alloys (e.g. CuCrZr) or nickel alloys 
(e.g. IN625, IN718). Some of the most popular 
materials used in additive manufacturing are 
Ti6Al4V titanium alloy, 316L stainless steel and 
AlSi10Mg aluminum alloy. 

Table 1 summarizes the mechanical proper-
ties of selected materials produced using various 
additive manufacturing methods– direct metal 
laser sintering (DMLS), selective laser melting 
(SLM), electron beam melting (EBM), and laser 
metal deposition (LMD). 

Among the methods used for manufactur-
ing metal components, LMD is the least popular. 
Its main applications include repairing damaged 
structural elements and producing large-sized 
parts. However, the main drawback of the method 
is the surface quality and the need for additional 
post-processing. Powder Bed Fusion methods 
(DMLS, SLM, EBM) are highly popular due to 
their capability to produce fully dense elements. 
DMLS and SLM methods are known for their 
superior mechanical properties, high accuracy 
in manufacturing, and good surface quality. The 
EBM method allows for a quicker production of 
an element compared to DMLS or SLM, how-
ever, it does result in lower accuracy. The EBM 
technology only enables the manufacturing of 
parts from a limited range of materials, which is 
SLM and DMLS are more commonly used [87].

Table 1 presents characterization of the in-
fluence of sample printing parameters using the 
additive method for materials such as titanium 
alloy Ti6Al4V, aluminum alloy AlSi10Mg and 
316L steel. It reveals that the mechanical proper-
ties of alloys are significantly influenced by the 
heat treatment and the adopted parameters of the 
manufacturing process. 

An important assumption of the use of addi-
tive technology is to obtain a material with strength 
no lower than that of the material produced by the 
conventional method. The adoption of such an 
assumption is safe due to the design of structural 
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Table 1. Mechanical properties of materials 316L, AlSi10Mg and Ti6Al4V produced using additive methods

Material Autor Technology Build 
direction Heat treatment

σu σy0.2 A E Hardness

MPa MPa % GPa -

316L

[28] DMLS
0 Stress relief 717 489 28 180 -

45 Stress relief 680 473 30 193 -

[25] SLM
90 As-built 565 462 53.7 - -

Annealing 595 443 48.6 - -

[37] SLM

0 - 604 318 39.8 161.6 -

45 - 659 376 44.0 152.7 -

90 - 517 226 29.4 148.4 -

[38] SLM - - 592 235 53.1 196.2 -

[39] SLM

90 - 697-
713

530-
551

32.4-
43.6 - -

105 - 714-
717

566-
570

40.6-
42.8 - -

120 - 682-
685

540-
545

36.5-
37.9 - -

135 - 697-
693

541-
556

36.6-
38.4 - -

150 - 698-
709

534-
555

39.6-
40.4 - -

[40] SLM - As-built 1016 550 50 - -

[41] SLM - - 551 - 49.5 45.0 232 HV0.3

[42]

SLM 90 - 567 - 23.8 - 235 HV

SLM

- As-built 752 638 41.2 - -

- Annealing 673 424 43.9 - -

- Annealing 684 416 51.6 - -

[75] EBM 90 As-built 800 577 36.0 - 178 HV

[76] EBM - - 509 253 59.0 - -

[77] LMD 90 As-built 647 518 20.0 - -

[78] LMD

90 As-built 600 387 - - 37 HRC

90 Annealing 567 310 - - 40 HRC

0 As-built 665 473 - - 38 HRC

0 Annealing 633 378 - - 35 HRC

AlSi10Mg

[28] DMLS
0 Stress relief 358 227 3.9 65.5 -

90 289 172 2.6 75.4 -

[43] SLM
0 HIP 315 225 1.3 - -

90 345 250 1.0 - -

[44] SLM - - 245-
331 - - - -

[45] SLM

0 - 460 264 6.4 83.5 -

45 - 463 268 7.4 82 -

90 - 473 244 6.8 81 -

[46] DMLS

35,5 - 278 155 2.64 46.4 -

45 - 331 169 2.82 51.1 -

60 - 336 172 2.89 53.0 -

90 - 361 176 2.92 54.2 -

[47] DMLS
0 As-built 481 314 3.3 - 137 HV

0 Stress relief 395 276 5.0 - 103 HV

[79] LMD - - 209 107 6.8 - -
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elements by designers, who can base on the gen-
eral properties of specific types of materials.

The aim of the work was to present the re-
sults and comparative analysis of the mechanical 
properties of selected metal alloys, i.e. Ti6Al4V, 
AlSi10Mg and 316L produced using the additive 
method. The tests were carried out under static 
load conditions.

RESEARCH MATERIAL AND 
METHODOLOGY

The research focused on three types of materi-
als that are highly popular and extensively utilized 
for manufacturing structural components using 

AM. The mechanical properties tests of specimens 
manufactured using the additive method were per-
formed on two non-ferrous metal alloys: Ti6Al4V 
and AlSi10Mg and 316L. Ti6Al4V is one of the 
most used materials in metal 3D printing. The tests 
were carried out on a two-phase α + β titanium al-
loy, the chemical composition of which is presented 
in Table 2 in accordance with the ASTM F2924-14 
standard [52]. The main alloying element of this 
material is an aluminum. It stabilizes the α and β 
phases, usually assuming intermediate properties. 
These alloys are characterized by better mechani-
cal properties compared to α alloys; however, they 
have worse properties at higher temperatures [53]. 
The Ti6Al4V research material was chosen due to 

Ti6Al4V

[28] DMLS

0 Stress relief 1130 1096 1.2 114.9 -

90 Stress relief 1034 972 5.5 108.8 -

90 HIP 931 862 24.0 111.7 -

[8] DMLS - - 1195 952 7.4 - -

[48] DMLS
90 As-built 1262 1084 6.1 - 37 HRC

90 Annealing 1126 1070 5.1 - 40 HRC

[27] DMLS
0 As-built 1370 1275 6.5 - 365 HV0.1

90 As-built 1269 1201 4.9 - 463 HV0.1

[49] DMLS

90 As-built 1241 1065 6.0 120.1 385 HV0.2

90 Annealing 1223 996 7.0 117.5 367 HV0.2

90 HIP 941 839 19.0 115.3 339 HV0.2

[50] SLM
- As-built 1092 102 16.5 112.7 -

- HIP 962 850 22.5 108.7 -

[51] SLM

- As-built 1051 986 10.9 112.4 360 HV0.1

- Annealing 988 908 9.5 118.8 324 HV0.1

- HIP 973 885 19.0 115.4 321 HV0.1

[80]

EBM

- As-built 1002 902 6.5 113.3 380 HV

- HIP 796 785 5.9 109.4 530 HV

[81]
0 As-built 825 730 7.7 100 330 HV

90 As-built 725 650 8.6 95 330 HV

[82]
90 As-built 955 869 9.8 - -

0 As-buil 987 891 15.7 - -

[83]

0 As-built 915 853 - 98.8 -

45 As-built 918 859 - 107.9 -

90 As-built 919 857 - 104.8 -

[84]

LMD

90 As-buil 1094 984 4.2 - -

0 As-built 1151 1041 2.2 - -

[85]

90 As-built 1025 950 5.0 - -

0 As-built 1025 950 12.0 - -

- Annealing 920 850 17.0 - -

[86]
90 As-built 1032 916 19.0 - -

0 As-built 1072 961 17.0 - -

Cont. Table 1
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its wide range of applications in many industries [8, 
50, 54–58]. 

A commonly used material for the production 
of structural elements using additive technologies is 
the AlSi10Mg (EN AW-4046). This material com-
bines adequate strength with thermal properties 
and low density (r ≈ 2.75 kg/dm3). Moreover, it is 
characterized by excellent casting properties. These 
properties allow the use of structural elements sub-
ject to high loads. AlSi10Mg is used to create thin-
walled castings with complex geometry and, due to 
its properties, is often used in the automotive, avia-
tion and automation industries. Printed elements 
can be subject to various types of processing, such 
as welding, painting or polishing [59–63].

Table 3 presents the chemical composition 
of the aluminum alloy in relation to the ASTM 
F3318-18 standard [64].

Stainless steel 316L (X2CrNiMo17-12-2, 
1.4404, AISI 316L) is also used in additive pro-
cesses. It is characterized by high deformity and 

desirable thermal properties. This material can be 
used for machine components in contact with food, 
medical devices, etc. 316L is a low-carbon alloy 
that is defined by good mechanical properties, 
machinability, wear resistance, and excellent anti-
oxidation and anti-corrosion features. Hardening, 
tempering, annealing and normalization are types 
of heat treatment that are regularly used to obtain 
specific microstructures and desired mechanical 
properties of this type of steel. The mechanical 
properties of material depend on its microstruc-
ture, which is influenced by phase transformations, 
precipitation and recrystallization. However, in 
these metal alloys, hardness and strength can be 
enhanced by generating a high density of disloca-
tion within the grains [40, 65–67]. 

The chemical composition of 316L is pro-
vided in Table 4 according to the ASTM F3184 
standard [68].

The experiments under static load condi-
tions were carried out on specimens prepared in 

Table 2. Chemical composition of Ti6Al4V [52]
Main alloying elements and their content in the Ti6Al4V, in wt. %

Al V Fe O C N Y Other Ti

5.5÷6.8 3.5÷4.5 ≤ 0.3 ≤ 0.2 ≤ 0.08 ≤ 0.05 ≤ 0.005 ≤ 0.4 Rest

Table 3. Chemical composition of AlSi10Mg [64]
Main alloying elements and their content in the AlSi10Mg, in wt. %

Si Fe Cu Mn Mg Ni Zn Pb Sn Ti Al

9÷11 0÷0.055 0÷0.1 0÷0.45 0.20÷0.45 0÷0.05 0÷0.10 0÷0.05 0÷0.05 0÷0.15 rest

Table 4. Chemical composition of the 316L stainless steel [68]
Main alloying elements and their content in the 316L, in wt. %

Cr Ni Mo Mg Si N O P C S Fe

16÷18 10÷14 2.0÷3.0 ≤ 2.0 ≤ 1.0 ≤ 0.1 ≤ 0.1 ≤ 0.045 ≤ 0.03 ≤ 0.03 rest

Figure 1. Sample for strength tests under static loads condition: a) with geometric dimensions; physical form of 
the sample made from: b) Ti6Al4V, c) AlSi10Mg, d) 316L
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accordance with the recommendation of the Pol-
ish standard PN-74/H-04327 [90]. The geometric 
shape of samples along with their dimensions is 
shown in Figure 1a. The test objects were made 
using AM technology from three types of mate-
rial: Ti6Al4V (Figure 1b), AlSi10Mg (Figure 1c), 
and 316L (Figure 1d).

The specimens for tests under static load con-
ditions were created using AM technology known 
as laser sintering. This method was chosen for its 
ability to achieve high mechanical properties, ex-
cellent surface quality, accuracy, and complete 
density of the produced components. The build 
direction of all samples was vertical, and in the 
further part of the article it will be referred to as 
aligned with the z-axis. The samples made of 
Ti6Al4V were printed on an EOS M280 device 
with a working platform size of 250 × 250 × 325 
mm. The printing process was characterized by 
the following parameters: laser power of 200 W, 
minimum layer thickness of 20 ÷ 75 μm, scanning 
speed of up to 7 m/s. The element build direction 
was aligned with the z-axis.

In Figure 2, the laser’s working path for creat-
ing each layer of the samples is depicted in sche-
matic manner. The specimens were made of Al-
Si10Mg using a device with a working platform 
size of 500 × 280 × 365 mm. The laser maximum 
power was 400 W. The layer thickness ranged 
from 20 to 75 μm. The spot size during printing 
was 100 μm. The maximum scanning speed was 
10 m/s. The build direction of the component was 
in line with the z-axis. 

The steel samples were produced on a ProX 
DMP 320 printer, which had a working platform 
size of 275 × 275 × 420 mm. The element sym-
metry axis was aligned with z-axis. The thickness 
of the applied layer was 20 to 75 μm, and the spot 
size was 60 μm. The laser power during print-
ing was variable and was adjusted for each layer, 
reaching a maximum value of 500 W. 

The strength tests were performed at the Ma-
terials and Structures Research Laboratory, which 
is affiliated with the Faculty of Mechanical Engi-
neering at the Bydgoszcz University of Science 
and Technology.

The static tensile test was carried out follow-
ing the guidelines of the PN-EN ISO 6892-1:2016 
standard [91]. The controlling parameter during 
the experimental research was the displacement 
of the machine’s piston, which was set at a rate 
of 0.05 mm/s. The tests included measuring the 
applied load force and deformation. The material 
testing was performed on an Instron 8502 strength 
testing machine, where experiments were done 
using a 10 mm gauge length extensometer and a 
measurement range of 1 mm.

Throughout the static tensile test of different 
materials: Ti6Al4V, AlSi10Mg, and 316L, defor-
mations were measured using two methods. The 
first one involved the use of a traditional exten-
someter, which was directly installed on the test 
specimen, and a more precise technique known as 
digital image correlation. By using the non-con-
tact optical DIC method, it is possible to measure 
displacements in a plane, which can be used to 
determine deformations of a structural elements 
caused by external loads [69–73]. 

The static tests using DIC consistent of mea-
suring and monitoring displacements of the ob-
served section of the specimen, which was in the 
camera’s field of view. The BASLER acA4024-
8gm camera was positioned on a tripod placed 
on a stable surface. The measurement using 
DIC consisted of periodically recording a series 
of images at a defined time, with the first image 
serving as the reference image. The method used 
involved taking photos of the sample during the 
tensile test using a camera at regular time inter-
vals. The recorded images were then analyzed for 
displacement using BASLER’s Pylon software. 
This program compared all the images captured 
during the test to a reference image. This process 
involved identifying the position of a specific pix-
el on the reference image and tracking its move-
ment on the successive photos. 

Figure 2. Schematic of laser beam movement during 
the sintering process of a single specimen layer [58]
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The hardness of samples produced by AM 
from Ti6Al4V, AlSi10Mg, and 316L was mea-
sured using the Vickers method. This measure-
ment was conducted in accordance with ISO 
6507-1:2018 [92]. 

The research setup for hardness testing was 
equipped with HUATEC hardness tester. The ap-
plied load during the tests was 98.07 N, which cor-
responded to a hardness value on the HV10 scale. 

The samples for metallographic studies were 
taken from specimens subjected to static loads. 
The collected samples were covered in epoxy resin 
and then polished. The prepared samples for mi-
crostructural analysis were treated with etching 
processes. The Ti6Al4V samples were treated with 
Kroll’s reagent, which had the following chemical 
composition: 68 cm3 H2O + 16 cm3 HNO3 + 16 cm3 
HF. Keller’s reagent, with the following compo-
sition, was used to etch: 25 cm3 HNO3 + 15 cm3 
HCl + 5 cm3 HF + 955 cm3 H20. Meanwhile, 316L 
stainless steel was treated with a reagent having a 
specified composition: 6 cm3 HCl + 4 cm3 HNO3 + 
4 cm3 CH3COOH + 0.2 cm3 C3H8O3.

Microstructure images were taken from lon-
gitudinal and transverse sections of samples using 
a Nikon ECLIPSE MA100 optical microscope.

RESEARCH RESULTS

Material strength under static loads

On the basis of the research conducted under 
static load conditions, the mechanical proper-
ties of the materials (Ti6Al4V, AlSi10Mg, 316L) 
were determined: tensile strength σu, yield point 
σy0.2, Young’s modulus E, elongation A and reduc-
tion of area Z. During the static tensile test, the 
strain value ε was measured by the use of two dif-
ferent approach. The first method involved using 
a strain gauge directly attached to the specimen. 
The second one measured strain in the specimen 
using DIC method. Figure 3 indicates the areas 

in the measurement section of the sample that 
were subject to displacement analysis. The ex-
tensometer had a measurement range of L4 = 10 
mm, while the measurement ranges for the DIC 
digital image correlation method were: L1 = 1.36 
mm, L2 = 2.72 mm, L3 = 3.49 mm [74]. The re-
sults obtained for Ti6Al4V, AlSi10Mg, 316L, 
through measurements using extensometer and 
DIC method, were compared with the mechani-
cal properties of these materials specified in the 
ISO 6892-1:2016 standard [91]. The normative 
strength parameters used in the material research 
are presented in Table 5.

In Figure 4 there are sample tension graphs 
obtained by the use of an extensometer and DIC 
method. The test results obtained using the clas-
sical extensometer differ from the results for 
the DIC method. In the case of the Ti6Al4V, 
strength-related parameters such as: yield point 

Figure 3. Schematic representation of the areas 
analyzed using the digital image correlation (DIC) 

method: L1 = 1.36 mm, L2 = 2.72 mm, L3 = 3.49 mm, 
L4 = 10 mm [74]

Table 5. Mechanical characteristics of selected metal alloys based on manufacturer’s catalogs

Material

Mechanical properties

σu σy0.2 E A

MPa MPa GPa %

1 2 3 4 5

Ti6Al4V 1160±30 1050±50 105±5 5.5±2

AlSi10Mg 460±20 260±20 75±10 6±2

316L 507±26 464±26 167±26 40±5
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σy0.2 = 1085.7 MPa, tensile strength σu = 1120.8 
MPa, as well as the elongation A = 16.9% values 
obtained using the extensometer, exhibit lower 
values compared to the results achieved for the 
DIC method (σy0.2 = 1139.6 MPa, σu = 1088.6 ÷ 
1096.0 MPa, A = 21.2 ÷ 23.5%). The Young’s 
modulus E reaches the highest value in measure-
ments carried out using an extensometer (E = 
119610 MPa). When using an extensometer, the 
yield point σy0.2 = 238.8 MPa and tensile strength 
σu = 297.4 MPa of the AlSi10Mg achieve their 
highest values. However, the elongation value 
A = 1.5 % for this measurement method is the 
lowest. For the measurements conducted using 
the DIC method, the AlSi10Mg are character-
ized by yield point σy0.2 = 189.9 ÷ 190.7 MPa, 
tensile strength σu = 297.4 MPa, and elongation 
A = 1.8 ÷ 3.4% 

The results obtained for 316L behave in 
completely different way, with the yield point 
σy0.2 = 484 MPa, tensile strength σu = 566.7 
MPa, Young’s modulus E = 113820 MPa, and 

elongation A = 79.7% reaching their highest val-
ues in the tests conducted with an extensometer. 
When using the DIC method, the yield point σy0.2 
= 421 ÷ 433 MPa, the tensile strength σu = 566.4 
MPa, Young’s modulus E = 82042 ÷ 88384 MPa, 
and elongation A = 58.3 ÷ 66.4%. On the basis of 
the obtained results, there is an observed relation 
indicating that as the measurement area decreases 
in the DIC method, the values of Young’s modu-
lus E and elongation A decrease, while the yield 
point σy0.2 increases. An exception was observed 
in the measurement for 316L, where elongation 
A increased with the expansion of the measure-
ment area. This might be related to the properties 
of stainless steel. 

MATERIAL HARDNESS 

The hardness research was performed on 
the cross-section obtained from undamaged 
samples and the samples damaged as a result of 

Figure 4. Example of a tensile diagram S = f(ε): a –Ti6Al4V, b – AlSi10Mg, c – 316L
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a static tensile test: Ti6AL4V, AlSi10Mg, and 
316L. The measurements were taken in two 
planes (in the x-z plane and in the x-y plane) 
according to the scheme presented in Figure 5. 
The results of hardness measurements for speci-
mens taken after a static tensile test for three 

materials are summarized in Table 6. Columns 
3, 4 and 5 contain the average hardness values 
in the x-z plane of the sample, while columns 7, 
8 and 9 present the average hardness values ob-
tained in the grip section on the x-y plane. Table 
7 presents the results of hardness measurements 

Figure 5. Hardness measurement method: a – schematic presentation of hardness measurements points on the 
x-z plane x-z, b –schematic presentation of hardness measurements points in the grip section on the x-y plane

Table 6. Vickers HV10 hardness measurement results – loaded samples

No.

Vickers hardness measurement method (HV10)

On the x-z plane On the x-y plane

No Ti6Al4V AlSi10Mg 316L No Ti6Al4V AlSi10Mg 316L

1 2 3 4 5 6 7 8 9

1 z1 425.5 101.0 242.5 xy1 409.5 105.0 251.0

2 z2 424.5 97.0 241.5 xy2 447.0 116.0 237.5

3 z3 432.0 101.0 239.0 xy3 432.5 121.5 244.0

4 z4 433.0 108.0 342.0 xy4 442.0 122.0 240.0

5 z5 450.5 110.5 360.5 xy5 409.5 101.0 237.5

Table 7. Vickers HV10 hardness measurement results – unloaded samples

No.

Vickers hardness measurement method (HV10)

along Z axis

No Ti6Al4V AlSi10Mg 316L

1 2 3 4 5

1 z1 371.5 118.5 263.0

2 z2 386.0 118.5 259.0

3 z3 383.5 119.0 252.5

4 z4 382.0 117.5 263.0

5 z5 387.0 119.0 249.5
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on the x-z plane for unloaded samples taken 
from the measuring section.

MATERIAL MICROSTRUCTURE 

The microstructure of the Ti6Al4V titanium 
alloy in a longitudinal sample cross-section is 
presented in Figure 6a and 6b, while Figure 6c 
showcases it in a transverse sample cross-section 
prepared for strength tests. The microstructure ob-
served in Figure 6 is a plate-like structure of the α 
+ β dual-phase alloy. This microstructure consists 
of alternating plates of α and β phases within the 
grains of the primary β phase (which are relatively 
large for dual-phase alloys). In Figure 6a, the mi-
crostructure of the grip section does not show any 
orientation, and the grains are equiaxed. On the 
longitudinal cross-section of the measurement part 
(Figure 6b), a directed arrangement of grains in 
the α + β dual-phase alloy is visible, in accordance 
with the z axis stretching direction. On the trans-
verse section (Figure 6c), an equiaxed arrangement 
of lamellar grains of the α + β phase was observed. 

Figure 7a shows the AlSi10Mg microstruc-
ture on the longitudinal cross-section of the grip 

section, while Figure 7b presents the longitudinal 
cross-section of the tensile sample reduced section, 
and Figure 7c reveals the transverse section of the 
specimen. Within the grip section of the element 
(Figure 7a), it was observed that the grains were 
growing towards the laser print direction along z-
axis. On the longitudinal cross-section (Figure 7b), 
there is a visible growth of grains along the sam-
ple’s axis in the tension direction (z-axis). In the 
transverse cross-section of the sample (Figure 7c), 
the AlSi10Mg alloy grains display a distinct shape 
typical of eutectic silumin alloys. The microstruc-
ture visible in all the images indicates the abundant 
presence of pores, inclusions, and impurities.

The microstructure of 316L in the longitudinal 
section of the sample is shown in Figure 8a and 8b. 
The Figure 8a represents the gripping part, while the 
Figure 8b describes the reduced section of the speci-
men after fracturing. Both microstructures in the 
longitudinal section are characterized by grain ori-
entation along z-axis, which is the direction sample 
(Figure 8b). In the reduced section of the specimen 
(Figure 8b), there is a noticeable deformation (elon-
gation) of the grains due to the increasing applied 
force. There are multiple slip lines present in the mi-
crostructure of the stainless steel. Figure 8c shows 

Figure 6. Microstructure of Ti6Al4V, tensile specimen: a – longitudinal section – grip section, b – longitudinal 
section – reduced section, c – transverse section, MO, etching Kroll’s reagent
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Figure 7. Microstructure of AlSi10Mg: a) longitudinal section – grip section, b) longitudinal section – reduced 
section, c) transverse section, MO, etching Keller’s reagent

Figure 8. Microstructure of 316L: a) longitudinal section – grip section, b) longitudinal section – reduced 
section, c) transverse section, MO, etching HCl + HNO3 + CH3COOH +C3H8O3
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the microstructure in the transverse section of the 
gripping part of 316L steel sample. The equiaxed 
structure of austenite grains is noticeable. Twin lines, 
which are typical for austenite, can be observed.

RESEARCH RESULTS ANALYSIS

Analysis of test results under static load 
conditions

By comparing the measurement results ob-
tained using an extensometer for the Ti6Al4V 
with the normative parameters (Table 8), it can be 
seen that the value of the yield point σy0.2=1085.7 
MPa falls within the specified in the standard 
range. However, the ultimate tensile strength σu 
=1120.8 MPa is approximately ~ 3.5% lower than 
the average normative value. In turn, the longi-
tudinal modulus of elasticity E = 119.6 GPa is 
higher by approximately 14%, and the elongation 
value A = 16.9% is higher by about ~ 207%. The 
yield point Sy0.2 and the ultimate tensile strength 
Su for various measurement ranges using digital 
image correlation DIC are within the ranges giv-
en in the standard. Young’s modulus for digital 
image correlation obtained for individual ranges 
was higher by: ~ 9.8% for L1, ~ 9.5% for L2 and 
~ 7.6% for L3. The elongation values obtained 
exceeded the normative values by: ~ 327.3% for 
L1, ~ 323.6% for L2, ~ 285.5% for L3.

According to test results, the ultimate tensile 
strength of AlSi10Mg reaches σu = 297.4 MPa, 
which is about 35% lower than the value specified 
in the applicable standard. Regarding the yield 
point, the normative value is σy0.2 = 260 ± 20 MPa, 
which indicates that the results obtained for ex-
tensometer measurement (σy0.2 = 238.8 MPa) are 
close to the lower normative range. For the mea-
surement carried out using DIC, the yield point 
values are considerably lower and fall outside the 
normative range of σy0.2 variability. The Young’s 
modulus obtained for strain measurements using 
an extensometer is around 14% lower compared 
to the average normative value. When it comes to 
DIC digital image correlation, the strain measure-
ment range L1 it is lower about 13%, the range L2 
is lower by approximately 25%, and the range L3 
is lower by around 29%. Regarding elongation A, 
the extensometer provided the most deviating val-
ue, which was lower by roughly 13.9% compared 
to the normative value. For the measurements 

carried out using the DIC method, the range of 
value changes between 42.8% and 70.7%.

Upon comparing the obtained tensile strength 
results of 316L steel using strain measurement 
with an extensometer and DIC with the norma-
tive value, it can be concluded that they fall with-
in the acceptable range of variations. The yield 
point σy0.2 obtained from strain measurement us-
ing an extensometer is higher by approximately 
4.3%, whereas for digital image correlation DIC, 
it is lower than the normative value in the range 
from 6.7% to 9.2%. The Young’s modulus val-
ues achieved as a result of the research are sig-
nificantly lower than the normative values. The 
Young’s modulus E value for strain measurement 
using an extensometer is lower by about 32%, 
and for the DIC method it is lower by 47% to 51% 
compared to the average value mentioned in the 
standard. Meanwhile, the value of elongation A 
obtained using the extensometer is approximately 
98.8% higher than that given in the standard. The 
elongation achieved for digital image correlation 
is also higher than the normative value: for the L1 
range by around 47%, for the L2 range by about 
52%, and 66% for the L3 range.

By analyzing all test results and comparing 
them with normative data for specific materi-
als types, it can be noted that they significantly 
deviate. These differences are influenced by the 
additive technology applied in the samples pro-
duction. Several factors (including laser power, 
layer thickness of the deposited powder, printing 
density, etc.), have an impact on the properties of 
elements made using additive methods, resulting 
in modification to the mechanical properties of 
the material.

By comparing the research results obtained 
through DIC strain measurement with the results 
achieved using an extensometer, it can be observed 
that higher Young’s modulus values reached the 
measurements for the Ti6Al4V alloy (Fig. 9a) 
and 316L steel (Fig. 9c), using an extensometer 
(measuring range L4 = 10 mm). For the titanium 
alloy Ti6Al4V, the percentage differences in the 
range of the E modulus (Fig. 9a) amount 3.6% to 
5.6%. For the 316L stainless steel, percentage dif-
ferences in values of the Young’s modulus (Fig. 
9c) range from 22.3% to 27.9%. Considering the 
AlSi10Mg aluminum alloy, the Young’s modulus 
values (Fig. 9b) obtained for L1 = 1.36 mm and 
L4 = 10 mm are similar, with a difference in the 
results less than 1%. The E modulus values for L2 
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= 2.72 mm and L3 = 3.49 mm are lower by ap-
proximatley 12.7% and 18.0%, respectively. 

Changes in the Young’s modulus values   for 
individual measurement ranges in samples may 
be related to local changes in material properties. 
Individual measurement bases include small frag-
ments of the sample in the area of   the greatest de-
formations and subsequent cracking. This causes 
the greatest local changes in material properties to 
occur in this area. The difference in the Young’s 
modulus values   may result from the inaccuracy of 
the digital image correlation method. When ana-
lyzing the test results, it can be concluded that the 
DIC method is not a reliable method compared 

to the extensometer method commonly used in 
engineering tests. In the case of the Ti6Al4V, Al-
Si10Mg and 316L samples, the Young’s modulus 
E value decreases with the increase in the area L 
subjected to analysis. This may result from poor 
lighting of the sample during the tests (too dark 
or overexposed photos), which translates into the 
program “losing” points during the analysis. It 
can be seen that with the smallest area, there may 
be fewer such errors and the modulus value from 
the smallest range is similar to the value obtained 
using an extensometer.

The differences in the Young’s modulus val-
ues   for AlSi10Mg may result from weaker surface 

Figure 9. Diagram of changes in the Young’s modulus value for different strain measurement ranges: a – 
Ti6Al4V, b – AlSi10Mg, c – 316L 
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Figure 10. Diagram of changes in the elongation value of material for different strain measurement ranges: a – 
Ti6Al4V, b – AlSi10Mg, c – 316L

adhesion of the material between some of the ap-
plied layers, which translates into their delami-
nation and interlayer cracking (aluminium is a 
difficult-to-weld material). In the case of area L1, 
which is the smallest fragment subjected to analy-
sis, the sample cracked as a result of tensile forces 
and the greatest changes in the microstructure of 
the material occurred, which translated into ob-
taining a Young’s modulus value similar to the 
traditional method using an extensometer. As the 
measurement range increased, areas with smaller 
displacement values   appeared (not including only 
the sample crack site). The average strain value in 
areas L2 and L1 was lower than in the case of the 
L3 measurement range. The largest measurement 

range L4 corresponds to the extensometer range 
and was characterized by the lowest strain value.

During the analysis of the elongation mea-
surement results for tested materials (Fig. 10), it 
was noticed that the elongation value A decreas-
es as the measurement base increases for both 
Ti6Al4V (Fig. 10a) and AlSi10Mg (Fig. 10b). The 
highest values are given for L1 = 1.36 mm, and 
the lowest for the value for L4 = 10 mm. When it 
comes to 316L (Fig. 10c), an increase in the elon-
gation A can be seen as the strain measurement 
base expands from L1 to L4. It is assumed that 
the change in the elongation value is related to the 
properties of the material, including its chemical 
composition and crystalline structure.
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Figure 11. Photos taken during the static tensile test using a BASLER acA4024-8gm camera: a, d, g – reference 
image, b, e, h – last recorded image before failure, c, f, i – image recorded immediately after sample breaking

Strain analysis based on the DIC method

The data obtained based on digital image cor-
relation during tensile test allowed for the analy-
sis of local deformations occurring in the tested 
samples. Figure 11 presents images of the mea-
surement area of the specimen, which were used 
for the analysis. Figure 11a, b and c portray a 
sample of Ti6Al4V. Figure 11d, e, f shows a frag-
ment of a sample of AlSi10Mg, while Figure 11g, 
h, and present a sample of 316L. Figures 11a, d, 
and g present the reference images recorded at the 
beginning of the stength test.

In the case of Ti6Al4V and AlSi10Mg, there 
are specific surface defects that exhibit crack for-
mation due to tensile forces. Figure 11b highlights 
the initiation of a crack from the site of a surface 
defect. A comparable trend is observed for the 
AlSi10Mg specimen (Fig. 11e) – crack initiation 
occurred at the site of porosity formation. The 
fractures of the aluminum alloy and titanium al-
loy specimens indicate the brittle nature of crack-
ing forming along successive deposited layers. 
This may indicate weak interlayer bonds resulting 
from the additive manufacturing process. Due to 
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Figure 12. Schematic illustration of: (a) analyzed measurement areas, (b) stress levels 
at which strain values were measured

Table 8. Stress values corresponding to the measured strain values

Stress designation in relation to the 
tension diagram (Fig. 12b)

Stress [MPa]

Ti6Al4V AlSi10Mg 316L

S1 54.,2 61.4 534.6

S2 983.5 165.5 547.2

S3 112.7.3 213.9 553.0

S4 1139.6 221.1 557.8

S5 1131.5 231.4 561.0

S6 1118.2 245.6 563.2

S7 1099.9 259.5 565.0

S8 1064.3 272.5 565.9

S9 1038.0 566.1

S10 566.2

S11 564.7

S12 562.0

S13 557.6

S14 547.6

S15 527.5

S16 492.5

the plasticity of the 316L material, a visible sam-
ple crack is not apparent in the photos.

On the basis of the analysis of the images in 
Figure 11, local strain values were determined for 
the smallest fragment possible to analyze – 2 layers. 
Figure 12a schematically shows the sintered layers 
that make up the entire sample. Two adjacent layers 
were defined as the measurement range. For each 
of the presented measurement ranges, a tensile dia-
gram was created in accordance with Figure 12b. 
For specific stress values Sn+m, strain values were 

read for each measurement range. Table 8 lists the 
stress values for which the strain values were read 
in a given measurement range. This allowed for 
the development of graphs of deformation changes 
depending on the measurement range for the test-
ed materials: Ti6Al4V (Fig. 13), AlSi10Mg (Fig. 
14) and 316 L (Fig. 15). These graphs show local 
deformations and help determine where the crack 
initiated in the sample. On the basis of the analysis 
of images presented in Figure 11, local strain val-
ues   were determined for the tested materials. The 
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DIC method allowed for determining the smallest 
possible area of   the sample to be analyzed, which 
included two layers of the deposited material. 
Figure 12a shows adjacent layers, which make up 
the measurement ranges from the first to the last, 
while Figure 12b shows the stress-strain diagram 
for individual measurement ranges. The sintered 
layers marked in Figure 12a, e.g. layer n and layer 
n+1, made up the first measurement range 1. The 
next two adjacent layers were defined as the next 
measurement range. For each measurement range 

(1–15 for Ti6Al4V, 1–14 for AlSi10Mg and 1–15 
for 316L) – two adjacent layers, a separate stress-
strain diagram was obtained. Then, based on the 
obtained graphs, the strain values   were read from 
them for specific stress values   (Fig. 12b) from Sn 
to Sn+m, and the read values   were entered into Ta-
ble 8. This allowed for the development of graphs 
of strain changes depending on the measurement 
range for the tested materials: titanium alloy 
Ti6Al4V (Fig. 13), aluminum alloy AlSi10Mg 
(Fig. 14) and steel 316 L (Fig. 15). Figures 13–15 

Figure 13. Graph of strains changes in AlSi10Mg in individual measurement ranges (2 layers) 
with increasing stress value

Figure 14. Graph of strains changes in AlSi10Mg in individual measurement ranges (2 layers) 
with increasing stress value
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present graphs on which the numbers of the mea-
surement ranges in accordance with Fig. 12a are 
placed on the horizontal axis. On the other hand, 
the strain in %, read from the tension graph of a 
given pair of adjacent layers, is presented on the 
vertical axis. These graphs present local strains 
and allow for determining the place in the sample 
where the crack initiation occurred.

According to the analysis of the chart in Fig-
ure 13 for the Ti6Al4V samples, the deformation 
changes in the layers until reaching stress S4 = σu 
= 1139.6 MPa are characterized by slight chang-
es. It can be observed that they occur uniformly 
distributed across the entire measured length of 
the sample. After reaching the temporary tensile 
strength, differences in the deformation of in-
dividual layers are observed in the sample. The 
highest strain value is achieved in area 6, where 
the sample fracture occurred. Meanwhile, the 
lowest defformation is observed in area 3.

The data for 316L stainless steel is presented 
in the chart in Figure 14. When analyzing the 
changes in local strains, it can be seen that at a 
stress S3 = 213.9 MPa, there is a noticable in-
crease in deformations in zones 3 and 4, which 
progressively grows with increasing stress val-
ues. The indicated range is located in the area of 
sample’s crack. This could suggest the formation 
of a crack on the sample’s surface at the stress S3. 
The areas next to the crack, 1 and 2, as well as 5 
and 6, demonstrate the lowest local deformation 
values. The strain values in the rest of the layers 

change evenly, reaching approximately 1.5% at 
the tensile strength S8 = 272.5 MPa.

The changes in local deforamtion for each 
layer in the measurement section of the 316L 
stainless steal specimen are presented in graph 
in Figure 15. The presented data indicate that 
in each layer, deformations reach similar values 
within the range of 40% up to stress levels near 
σu = 566.7 MPa. After exceeding σu, an increase 
in strain is observed in selected layers. A signifi-
cant growth in deformation is observed within the 
10th measurement range, ranging from 43.97% 
for S11 to 59.65 for S12. This layer has the high-
est local deformation value of 88.47%. This may 
be related to the progressive delamination of the 
layers, eventually causing the complete failure of 
the specimen.

Comparison of hardness test results

On the basis of the conducted research, hard-
ness variation charts (Fig. 12) have been prepared 
for the x-z plane and the x-y plane of the sample. 

Regarding the Ti6Al4V, the hardness results 
on the x-z plane show an increasing trend and 
are within the range of 425.5 ÷ 450.5 HV10. 
According to the measurement scheme (Fig. 
5a), the first measurement point is located in 
the gripping part of the sample, while the last 
measurement point is closest to the sample’s 
fracture edge. For the Ti6Al4V sample, it can be 
observed that the hardness on the x-z plane in-
creases as it approaches the crack point. The rise 

Figure 15. Graph of strains changes in 316L in individual measurement ranges (2 layers) 
with increasing stress value
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in hardness at the fracture site may be related 
to the deformations occurring in this area due 
to the static tensile test. Comparing the hardness 
results achieved for the sample after a static ten-
sile test with those obtained for the specimen not 
subjected to a load, it can be seen that the hard-
ness for the loaded sample is higher in the range 
of 28.5 ÷ 63.5 HV10. An increase in hardness 
may indicate changes in the material structure 
caused by the tensile force.

Figure 12b illustrates the hardness points in the 
grip part of the Ti6Al4V sample on the x-y plane 
after the tensile test. The measurement was per-
formed based on the scheme presented in Figure 
5b. The hardness value range varies from 409.5 to 
447 HV10, indicating changes in hardness across 
the cross-section of the sample of 37.5 HV10. The 
hardness results obtained for the cross-section area 
of the sample (x-y plane) are similar to the values 
measured on the x-z plane. The difference between 
the highest and lowest results is 41 HV10.

The hardness measurement of the AlSi10Mg 
specimens was carried out in the same manner 
as the analysis of the Ti6Al4V samples. The 
range of hardness value changes for the alumi-
num alloy samples on the x-z plane falls within 
97 to 110.5 HV10, indicating slight variations 
within a range of 13.5 HV10 (Figure 16). The 
initial measurement point is located in the grip 
section of the sample, while the final measure-
ment point is closest to the specimen’s fracture 
edge. The impact of plastic deformations caused 
by sample stretching on the hardness cannot be 
determined. This may be related to small strain 
values (locally ε ≈ 4%) and brittle fracture of the 

sample. The results of hardness measurements 
on the x-z plane for the unloaded sample are 
117.5 to 119 HV10. One of the measurements 
differs from the others by 22 to 24 HV10. This 
could be related to the measurement being taken 
at the grain boundary. The achieved results are 
higher than those obtained for the same plane, 
but for the samples subjected to a static tensile 
test. This may indicate that the tensile force in-
fluenced a change in the microstructure, lead-
ing to decrease in the material hardness. The 
hardness measurement in the grip section of the 
sample on the x-y plane following the tensile 
test indicates a range of value between 101 and 
121.5 HV10. This proves minimal changes in 
hardness in the transverse cross-section of the 
sample, which amounts to 20.5 HV10. The 
hardness results obtained for the cross-section 
of the sample (x-y plane) are close to the values 
measured on the x-z plane. The difference be-
tween the extreme results is 25 HV10.

The range of hardness value changes for 316L 
after a static tensile test on the x-z plane is be-
tween 239 and 360.5 HV10. The first measure-
ment point is in the grip section of the specimen 
(242.5 HV10), whereas the last measurement 
point is closest to the sample’s fracture edge 
(360.5 HV10). The distribution of hardness re-
sults indicates the impact of plastic deformations 
resulting from the tensile test on hardness. With 
the increase in strain values (locally ε ≈ 58%), the 
material hardness also increases. The hardness 
results for the same plane, but for unloaded sam-
ples, range from 249.5 to 263 HV10. Hardness 
measurement in the gripping part of the sample 

Figure 16. The HV10 hardness distribution in the analyzed samples
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on the x-y plane after the tensile test indicates that 
the changes in values are in the range of 237.5 to 
251 HV10, which suggests slight hardness varia-
tions of the sample amounting to 13.5 HV10.

The hardness results obtained for the cross-
section of the sample (x-z plane) after the static 
tensile test differ from the values measured on the 
same plane for unloaded samples. The hardness 
results for the x-y plane do not show significantly 
differences compared to the results gain for the 
x-z plane. The hardness results for Ti6Al4V and 
316L on the x-z plane, measured in the highly 
strained section due to stretching (point no. 4 and 
no. 5), are higher than the rest of the measure-
ments obtained. 

The hardness test results for the samples sub-
jected to a static tensile test show an increase in 
the average hardness value compared to the un-
loaded samples in the case of Ti6Al4V by 51.1 
HV10. In the case of the 316 L steel, a signifi-
cant increase in hardness compared to the results 
obtained for the unloaded sample occurs in the 
area of   the greatest plastic deformations. On the 
other hand, for AlSi10Mg, the static tensile test 
reduced the average hardness value by 15 HV10 
compared to the unloaded samples.

CONCLUSIONS

The study presents the results of research un-
der static load conditions regarding three types 
of materials commonly used in the production of 
machine components using additive technology. 
The mechanical properties (strength) of the spec-
imens with standard dimensions made by addi-
tive manufacturing were compared to the me-
chanical properties of samples made by classical 
methods (according to standards). In all cases, 
tensile tests indicated that the tensile strength 
of samples made using the additive manufactur-
ing is comparable to or higher than that of con-
ventional samples. Only for aluminum samples 
there is no defined standard value of mechanical 
properties for classic manufacturing techniques. 
Differences between the obtained results of me-
chanical properties and the normative values   for 
conventional methods may result from the influ-
ence of the use of additive technology in the pro-
duction of samples. The properties of elements 
made using additive methods are influenced by 
several factors (including laser power, thickness 
of the deposited powder layer, print density, etc.), 

which causes modification of the mechanical 
properties of the material.

The strength tests carried out using DIC in-
dicated a relationship related to the reduction of 
the measuring range area. With the reduction of 
the measuring area, the values   of Young’s modu-
lus E and elongation A decrease, while the yield 
strength σy0.2 increases. Young’s modulus, which 
is a material constant, should have the same val-
ue for each of the measurement methods used. 
Changes in the values   of Young’s modulus for 
individual measuring ranges in the samples 
may be related to locally occurring changes in 
the material properties. Moreover, in the case 
of an aluminum alloy, the discrepancies in the 
obtained values   of Young’s modulus may be re-
lated to the formation of weak interlayer bonds 
(adhesion) in the laser melting process and the 
associated occurrence of local deformations at 
the weakest bond location. It is also assumed 
that the occurring changes in the elongation 
values   were related to the material properties, 
including its chemical composition and crystal 
structure. In the case of Ti6Al4V and AlSi10Mg, 
surface defects were observed, where cracks de-
veloped as a result of the action of tensile forces. 
The fractures of the aluminum alloy and tita-
nium alloy samples showed a brittle nature of 
the crack, which occurred along the successive 
layers deposited. This also indicates weak inter-
layer bonds resulting from the additive manufac-
turing process.

Microstructural tests have shown that in the 
grip part of the sample, the microstructure visible 
in the longitudinal cross-sections for ALSi10Mg 
and 316L is characterized by a directional grain 
pattern. This direction is consistent with the print-
ing direction, i.e. along the z axis of the stretched 
samples. The directional microstructure produced 
by printing methods can cause anisotropy of 
strength properties and their increase along the z 
axis of the sample. Material hardness tests indi-
cated an increase in hardness resulting from the 
static tensile test for two of the tested materials: 
Ti6Al4V and 316 L. The AlSi10Mg aluminum al-
loy was characterized by a decrease in hardness 
due to the action of tensile forces. The obtained 
test results can be used to determine the tensile 
strength using non-destructive tests.

On the basis of the strength tests conducted, 
micro fractographic analysis of sample fractures, 
and detailed analysis of the above-mentioned 
tests, it can be concluded that elements made 
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by the use of additive manufacturing can, in the 
majority of cases, serve as substitutes for struc-
tural elements manufactured using conventional 
methods (reduction methods – e.g. cutting, turn-
ing, or non-reduction methods – drawing, plastic 
deformation, etc.). These findings are supported 
by the conducted strength tests carried out on ad-
ditive and classic normative samples. The basic 
condition is that the direction of the load corre-
sponds to the direction of layer formation in the 
additively manufactured structural component. 
The use of additive (incremental) methods in the 
production of structural elements and entire me-
chanical devices brings many advantages, such 
as the speed of production of the finished struc-
tural element, reducing operations and proce-
dures in the manufacturing process, cost savings 
(economics), and more.
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