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STUDYING THE INFLUENCE OF ORIENTATION

AND LAYER THICKNESS ON THE PHYSICO-MECHANICAL
PROPERTIES OF Co-Cr-Mo ALLOY MANUFACTURED

BY THE SLM METHOD

Introduction. The additive manufacturing technologies have recently become more widespread in modern pro-
duction, as they allow the quick and efficient manufacture of products with a unique geometry.

Problem Statement. For the production of parts, it is necessary to use rational technological parameters that
depend on the characteristics of the material and equipment for selective laser melting (SLM). Among the factors
affecting the mechanical properties there are the sample orvientation in the working chamberand the thickness of
the working layer.

Purpose. The purpose of this research is to study the effect of sample orientation in the direction of the X, Y,
Z axes and layer thickness (40 and 20 um) on the physical and mechanical properties of the Co-Cr-Mo alloy
Jabricated by the selective laser melting method.

Material and Methods. All prototypes are made of Co-Cr-Mo alloy powder with a particle size of 10—45 yum.
The samples are printed with layer thicknesses of 20 and 40 um, with the use of an Alfa-150 3D printer manufac-
tured by ALT Ukraine LLC. The samples for tensile tests are placed on the platform in horizontal (X and Y axes)
and vertical (Z axis) positions. The tests to determine the mechanical properties have been carried out in accor-
dance with 1SO 6892:2019, on a PHYWE testing machine. The thermal expansion coefficient has been deter-
mined with the use of a DIL.A.802 dilatometer.

Results. The dependence of the metaldensity at a constant thickness of the deposited layer of 40 and 20 um
and a distance between tracks of 0.1—0.12 mm has been established, and the rational conditionsfor manufactur-
ing samples for tensile tests have been chosen.
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Conclusions. It has been established that a decrease in the intertrack distance contributes to the achievement of a density of
99.99% and an increase in the area of the rational printing conditions. It has been shown that the samples printed with different
thicknesses of the working layer have different mechanical properties. When comparing samples made at different layer thick-
nesses and placed in the same direction, we have found that the temporary resistanceis the lowest for the vertical samples as

compared with the horizontal ones in the X and Y directions.

Keywords: cobalt-chromium alloy, Co-Cr-Mo, density, microstructure, mechanical properties, orientation, coefficient of thermal

expansion.

Recently, additive manufacturing technologies
have become more and more widespread in mo-
dern production, as they allow the quick and qua-
litative creation of products with a unique geo-
metry, as well as the expansion of the number of
materials that can be used.

The research deals with selective laser melting
(SLM) that is an iterative process consisting of
the three main stages: (1) the application of a
powder layer having a thickness of 20 to 50 um
on the construction platform; (2) the local melt-
ing of the powder layer by a laser source based on
previously imported 3D-CAD data; and (3) the
lowering of the construction platform and the
repetition from step (1). The powder is usually
applied with a polymer or rubber scraper.

In the last two years, the authors of research
[1—3] mainly focused on process control, includ-
ing the influence of various parameters on the
process stability, the resulting microstructure, and
the material properties [4—6].

For the production of parts, rational and mate-
rial-dependent technological parameters for the
corresponding SLM device,as provided by its ma-

nufacturer, are often used. The physico-mechani-
cal properties of samples made with the use of-
SLM have been analyzed in the course of many
studies [7—8]. The authors of these studies al-
ways use their own developed process parameters
depending on equipment, therefore the techno-
logical parameters cannot provide the same level
of physical and mechanical properties if applied
in industrial process of other manufacturers.

Studies [7, 9] have given an understanding of
the influence of many factors,such as powder lay-
er density, powder application processes, heat flow,
and temperature distribution, which arepresent
in SLM processes. In addition, the formation of
defects and microstructure during these process-
es has been simulated in [7, 12—14].

The purpose of the research is to study the in-
fluence of the sampleorientation in the X, Y, Z
axes and the layer thickness (40 um and 20 pum)
on the physical and mechanical properties of the
cobalt-chromium alloy (Co-Cr-Mo) produced by
the SLM method.

All test samples are made of Co-Cr-Mo cobalt-
chromium alloy powder with the following che-
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Fig. 1. Particles of original Co-Cr-Mo material enlarged 200 times (@) and the granulometric analysis results ()
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mical composition, in % wt.: Cr = 17.79; Ni = 12.63;
Mo = 2.35; Mn = 0.78; Si = 0.64; C=0.016 [ 1—3].
The powder bulk density is 4880 kg/m?. To deter-
mine the shape and size of the particles, the powder
is studied with the use of a SEM-106 scanning elec-
tron microscope (Fig. 1, a). Figure 1, b shows the
results of the granulometric analysis made with the
help of specialized software Image | by the method
of secants. It has been established that the size of the
particles ranges from 10 to 45 pum. All test samples
are printed by an Alfa-150 3D printer manufac-
tured by ALT Ukraine L1LC [15, 17].

The material for studies of the effect of printing
conditions and layer thickness (20 and 40 um) on
the metal density are10 x 10 x 5 mm samples.

To determine the influence of the layer thick-
ness and the shift of the position in the chamber
on the mechanical properties of the metal, the sam-
ples for the tensile tests are made according to the
tested rational printing conditions established
during the study of the 10 x 10 x 5 mm samples:
power is 195 W, scanning speed is 1150 mm /s, dis-
tance between tracks is 0.1 mm. The samples are
placed on the platform in horizontal (along the X
and Y axis) and vertical (along the Z axis) posi-
tions (Fig. 2). Before the test, all samples arema-
chined by a lathe [3]. The tests to determine the
mechanical properties [15—17] have been made
in accordance with ISO 6892, on PHYWE test-
ing machine.

The 50 x @5 mm samples made by the SLM
technology are tested to determine the coefficient
of thermal expansion (CTE) with the use of a
dilatometer DIL.A.802.

In order to work out the rational conditions of
the printing process, samples are made of Co-Cr-
Mo cobalt-chromium alloy powder, with the use
of theSLM technology,in accordance with the
experimental conditions (the power varrieswith-
in the range of 150—195 W, the scanning speed
ramges from 800—1200 mm/s, the distance be-
tween tracks is within 0.1—0.12 mm).The thick-
ness of the layer is 40 um and 20 um (see Tables 1,
2, respectively). The criterion for choosing the
rational conditions of making the test samples is
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Fig. 2. Location of the samples on the platform
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Fig. 3. Microstructure of the samples made at a layer thick-
ness of 40 um (a — sample No. 7; b — sample No. 31)
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Table 1. Experimental Conditions of SLM Technology Table 2. Experimental Conditions of the SLM Technology

for thePrinting from Co-Cr-Mo Cobalt-Chromium for the Printing from Co-Cr-Mo Cobalt-Chromium

Alloy Powder with a 40 um Thick Layer Alloy Powder with a 20 um Thick Layer

sle | powenw | st s | D benen ||| Samle | o | sy s | Db

1 150 800 0.1 37 130 800 0.1
2 150 800 0.11 38 130 800 0.11
3 150 800 0.12 39 130 800 0.12
4 170 800 0.1 40 150 800 0.1
5 170 800 0.11 41 150 800 0.11
6 170 800 0.12 42 150 800 0.12
7 195 800 0.1 43 130 900 0.1
8 195 800 0.11 44 130 900 0.11
9 195 800 0.12 45 130 900 0.12
10 150 900 0.1 46 150 900 0.1
11 150 900 0.11 47 150 900 0.11
12 150 900 0.12 48 150 900 0.12
13 170 900 0.1 49 130 1000 0.1
14 170 900 0.11 50 130 1000 0.11
15 170 900 0.12 51 130 1000 0.12
16 195 900 0.1 52 150 1000 0.1
17 195 900 0.11 53 150 1000 0.11
18 195 900 0.12 54 150 1000 0.12
19 170 1000 0.1 55 170 1000 0.1
20 170 1000 0.11 56 170 1000 0.11
21 170 1000 0.12 57 170 1000 0.12
22 195 1000 0.1 58 150 1100 0.1
23 195 1000 0.11 59 150 1100 0.11
24 195 1000 0.12 60 150 1100 0.12
25 195 1050 0.1 61 170 1100 0.1
26 195 1050 0.11 62 170 1100 0.11
27 195 1050 0.12 63 170 1100 0.12
28 195 1100 0.1 64 195 1100 0.1
29 195 1100 0.11 65 195 1100 0.11
30 195 1100 0.12 66 195 1100 0.12
31 195 1150 0.1 67 170 1200 0.1
32 195 1150 0.11 68 170 1200 0.11
33 195 1150 0.12 69 170 1200 0.12
34 195 1200 0.1 70 195 1200 0.1
35 195 1200 0.11 71 195 1200 0.11
36 195 1200 0.12 72 195 1200 0.12
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Fig. 4. Microstructure of the samples made at a layer thick-
ness of 20 pm (a — sample No. 46; b — sample No. 71)

Density, %

1100

1150

1
1200~ Q

[097-97.5 [1097.5-98 [198-985
[198.5—99 [199—-99.5 [J99.5—100

Fig. 5. Density of the samples printed with a layer thickness
of 40 pm and a distance between tracks of 0.1 mm
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Fig. 6. Density of the samples printed with a layer thickness
of 40 pm and a distance between tracks of 0.11 mm
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Fig. 7. Density of the samples printed with a layer thickness
of 40 pm and a distance between tracks of 0.12 mm

the actual density of metal, which is determined
based on the results of the metallographic assess-
ment of porosity by the percentage of the area oc-
cupied by pores (Figs. 3 and 4).

As aresult of the studies, the dependence of the
metal density at a constant thickness of the applied
layer of 40 (Fig. 5—7) and 20 pm (Fig. 8—10) and
a constant distance between the tracks of 0.1 mm
(Fig. 5, 8), 0.11 mm (Fig. 6, 9), and 0.12 mm
(Fig. 7, 10) has been established.

According to the results of the studies of the
effect of the printing conditions at 40 um on the
metal density, the rational conditionshave been es-
tablished: the power is 195 W, the scanning speed
is 800 mm/s; 1050 mm/s; and 1100 mm/s. It
should be noted that as the distance between the
tracks increases, the area on the graph (Fig. 6)
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Fig. 8. Density of the samples printed with a layer thickness of 20 um and a
distance between tracks of 0.1 mm
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Fig. 9. Density of the samples printed with a layer thickness of 20 pm and a
distance between tracks of 0.11 mm
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Fig. 10. Density of the samples printed with a layer thickness of 20 pm and a
distance between tracks of 0.12 mm
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with a high density (99.90—99.99%) of the sam-
ples decreases by 13% for a distance of 0.11 mm
and by 32% for a distance of 0.12 mm (Fig. 7), as
compared withthe samples made with a distance
between tracks of 0.1 mm (Fig. 5). It has been
shown that as the distance between the tracks in-
creases, the area having a density of at least 99.99%
decreases 3.6 and 7.3 times (Figs. 6 and 7, respec-
tively) in comparison with the samples made with
a distance between tracks of 0.1 mm (Fig. 5).
According to the results of the studies of the ef-
fect of printing conditions at 20 pm on the metal
density, the rational process conditions have been
established as follows: the power is 130—150 W,
the scanning speed is 800—1000 mm/s. It should
be noted that as the power (170—195 W) and the
scanning speed (1100—1200 mm/s) increase, so
does the density. As the distance between the
tracks increases, the area on the graph (Fig. 9)
with a high density (99.90—99.99%) of the sam-
ples decreases by 7% for a distance of 0.11 mm
and by 13.2% for a distance of 0.12 mm (Fig. 10),
in comparison with the samples made with a dis-
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Fig. 11. Coefficient of thermal expansion

tance between tracks of 0.1 mm (Fig. 8). It has been
shown that as the distance between the tracks in-
creases, the areahaving a density of at least 99.99%
decreases 2 and 3.8 times (Figs. 9 and 10, respec-
tively) as compared with the samples made with
a distance between tracks of 0.1 mm (Fig. 8).
Given the obtained results, we made samples
for tensile tests in the same mode (power is 195 W,
scanning speed is 1150 mm/s, distance between
tracks is 0.1 mm) in order to determine the effect

Table 3. Mechanical Properties of the Samples Made with 40 um and 20 pm Thick Layers

and Placed in the Direction of the X, Y, Z Axes

Thickness 40 pm 20 pm
c, 3 b4 o, d b4
Marking
MPa A % A % A MPa A % A % A
1x 1209 +0.69 7.3 +37.73 | 143 | +26.54 | 1291 +0.20 7.5 | +30.24 | 109 | +19.38
2x 1213 +1.03 4.6 -13.20 | 143 | +26.54 | 1286 -0.17 5.0 | -1319| 79 | -13.47
3x 1180 -1.71 4.2 -20.75| 55 | -51.32| 1288 —-0.02 48 | -16.66 | 8.6 -5.8
Meanx | 1200.6 0 3.3 0 11.3 0 1288.3 0 3.76 0 9.13 0
1y 1135 -1.56 6.2 -20.51 | 4.3 | -53.76 | 1251 -0.76 6.5 | -1095| 7.8 0
2y 1150 -0.26 10.5 | +34.61 | 99 +6.45 1263 +0.19 87 | +19.17 | 7.8 0
3y 1174 +1.82 6.7 —14.10 | 139 | +49.46 | 1268 +0.58 6.7 -8.21 7.8 0
Mean y 1153 0 7.8 0 9.3 0 1260.6 0 7.3 0 7.8 0
1z 1045 -1.41 2.2 -69.44 | 5.5 -9.83 1157 -0.19 1.8 | =74.13 | 179 | +23.78
2z 1084 +2.24 9.2 +1794 | 6.7 +9.83 1162 +0.23 8.7 +25 10.1 | -30.15
3z 1053 —-0.66 10.4 +44.4 6.3 +3.27 1159 -0.02 | 104 | +49.42 | 154 | +6.50
Mean z 1060 0 7.2 0 6.1 0 1159.3 0 6.96 0 14.46 0

Note: * Av%2is deviation (%) from the mean value in direction X, Y, Z.

ISSN 2409-9066. Sci. innov. 2022. 18 (5)
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of layer thickness and sample orientation on the
mechanical properties (temporal resistance, rela-
tive elongation, relative narrowing). The results
of these studies are presented in Table 3.

When comparing the relative elongation val-
ues, we have established that the samples made at
40 um have a plasticity by 2—5% higher than the
samples made at 20 um. At the same time, the
strength characteristics of the samples made with
a layer thickness of 20 um are higher by ~10%.
The vertical samples made with a layer thickness
of 20 um have a temporary resistance by 8.5%
more than those made with a layer thickness of
40 um. This characteristic has the lowest values
for the vertical samples as compared with the
horizontal ones in the X and Y directions. When
comparing the samples made with different layer
thicknesses and in the same direction (X axis),
we have been established that the temporary re-
sistance differs byabout 6%. The samples made
with a layer thickness of 20 pm in the direction of
the Y axis have a temporary resistance by 8.5%
higher than the same oriented samples with a
layer thickness of 40 pm.

Cobalt-chromium alloy products are often used
in the dental industry, namely for dental crowns on
which porcelain or metal ceramics are applied by
sintering. In this regard, the coefficient of thermal
expansion (CTE) is an important characteristic.

In the research, changes in the geometric di-
mensions of the sample during the heating up to a
temperature of 600 °C have been studied (Fig. 11).
It has been established that the CTE remains con-
stant(14 pm/m/K) up to a temperature of 200 °C.
As the temperature increases (300—600 °C), so
does the CTE. It has been shown that in the tem-
perature range of 400—600 °C, the coefficient is
14.6 ym/m/K £ 0.1 um/m/K.

Thus, the change in this coefficient at a tem-
perature from 20 to 600 °C is 0.7 pm/m /K for the
studied Co-Cr-Mo alloy produced by the SLM
method, while for dental porcelain and metal ce-
ramics used in the production of dental prosthe-
ses, theCTE is 2.0—2.5 um/m/K and 2.5—3.1
um/m/K, respectively. That is, the CTE of the

92

Co-Cr-Mo alloy produced by the SLM method is
much smaller than that of the coating. Thus, on
the basis of this study, it has been proved that at a
high temperature, the metal base of the crown
made of the studied alloy does not significantly
change its geometry during the subsequent sin-
tering of porcelain and metal ceramics. That is,
the material meets the necessary condition to
prevent chipping of porcelain and metal ceramics
in the final product, and this alloy can be used in
the medical field (dentistry), including forcreat-
ing a coating of products with porcelain and met-
alceramics by the sintering method.

CONCLUSIONS

1. From the analysis of the influence of the expe-
rimental conditions, it has been established that
as the distance (0.11 and 0.12 mm) between the
tracks increases, at a constant layer thickness, the
number of pores increases by 13% and by 32%
(40 pm) and by 7% and by 13.2% (20 um), respec-
tively, as compared with a distance of 0.1 mm.

2. The dependence of the density change on
the process parameters at a constant distance be-
tween the tracks of 0.1 mm,0.11 mm, and 0.12 mm
and a layer thicknesses of 40 pm and 20 um has
been established. It has been shown that as the
distance between the tracks increases, the area
having a density of at least 99.99% decreases,as
compared with the samples made with a distance
between tracks of 0.1 mm.

3. The rational printing conditions with a
layer thickness of 20 um have been established:
for a distance between tracks of 0.1 mm, the
power is 130—150 W, the scanning speed is 800—
1000 mm/s. For a layer thickness of 40 um: the
power is 195 W, the scanning speed is 800 mm/s
and 1000—1100 mm/s.

4. The influence of the layer thickness and the
position of the samples relative to the chamber
axes in the course of their making on the mechan-
ical properties has been determined. It has been
shown that in the case of a working layer thick-
ness of 20 pm the temporary resistance is higher

ISSN 2409-9066. Sci. innov. 2022. 18 (5)
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by 6—9% and plasticity is higher by about 10%, | of the vertical samples (direction of the Z axis) as
as compared with those for a thickness of 40 um. | compared with the horizontal ones (in the X and
The temporary resistance is the lowest in the case | Y directions).
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JOCJIIIUKEHHSA BIVIMBY OPIEHTYBAHHSA TA TOBIIMHU IITAPY IPYKY
HA OI3NMKO-MEXAHIYHI BJIACTUBOCTI CIIJIABY Co-Cr-Mo,
BUTOTOBJIEHOTI'O METO/IOM CJIII

Beryn. TexHosiorii afuTHBHOrO BUPOOHUIITBA OCTAHHIM YacoM HaOyBarOTh BCe GLJIBIIOTO HOMUPEHHS Yy CYy4aCHOMY BUPOO-
HUIITBI, OCKIJIbKY JI03BOJISIIOTH MIBU/KO Ta SIKICHO CTBOPIOBATH BUPOOH 3 YHIKAIbHOIO F€OMETPIEIO.

IIpo6GaemaTuka. [lyist BupoOHUITBA AeTasell HeoOXiHO BUKOPUCTOBYBATH PallioHa/IbHI TEXHOIOTIYHI ITapaMeTpH, sIKi 3a-
JIEeKATh BiJl XapaKTEPUCTHK MaTtepiamy Ta obJagHaHHsa ceJeKTuBHoro jaseproro miasaerns (CJIIT). Cepen dhakropis, 1mo
BIUIMBAIOTH Ha MEXAHIUHI BIACTUBOCTI, € TaKi K Opi€HTallist B poOoYiil kKamepi moOyI0BY Ta TOBIUIMHA POOOYOTO IIapy.

Mera. /locJmipkeHHs BIVIMBY OPIEHTYBaHHS 3pa3KiB B HANPsAMKY oceil X, Y, Z ta rouunu mapy (40 ta 20 mxm) Ha ¢izu-
KO-MexaHiuHi BiracTuBocTi crtaBy Co-Cr-Mo BUTOTOBIEHUX METO/IOM CEJIEKTUBHOTO JIA3€PHOTO TJIaBIEHHSI.

Marepiamm it Mmetoau. Bcei gocuinni spasku 6yo Burorosseno 3 nopoiky Co-Cr-Mo ciiiaBy 3 po3mipom 4yacTiHOK Bix 10
10 45 MkM. [Ipyk 3paskis npu topiuHax mapy 20 Ta 40 MM nipoBoauscst Ha 3D npunTepi Alfa-150 BupoOHUIITBA KOMIIAHI]
TOB «AJIT Ykpaina». PosraimoByBanucs 3pasku il BUIPOOYBaHbHA PO3TATYBaHHS Ha 1aThOPMi B TOPU3OHTAIBHOMY
(oci X ta Y) i BepruKkaibHOMY 110J0KeHH] (Bich Z). BunpoOyBaHHs 1Uist BUSHAYEHHSI MEXaHIYHUX BJIACTUBOCTEN IPOBO/IMIIK
BiznosigHo 1o ISO 6892:2019 Ha BunpoGysBanbhiil Mamuni «PHYWE>. KoedilieHT TeMIiepaTypHOTO PO3IINPEHHS BU3HA-
yasiu 3a jioriomoroio gunaromerpy DIL.A.802.

PegyabraTn. BeranoBsiieHo 3aesKHiCTh MIITBHOCTI MeTATy TIPU TTOCTiHHIN ToBIMHI HaHecenoro mapy 40 ta 20 MM Ta
Bizcrani Mizk Tpexamu 0,1—0,12 MM Ta 06paHO palioHaIbHI PEKIUMU /Il BATOTOBJIEHHS 3Pa3KiB Ha PO3TATYBAHHSL.

BucnoBku. 3’scoBano, M0 3MEHIIEHHs Mi’KTPEKOBOI BificTaHi crpuse aocaraenio miabiocti 99,99% rta 36iabinenio
obJacTi panioHaJbHUX PEKUMIB APYKY. [lokazaHo, 10 3pasKy, HAJAPYKOBaHI MpU Pi3HIN TOBIIMHI POOOUOrO 1Py, MAOTh
Pi3Hi 3HAUEHHS MEXaHIYHUX BacTuBOCTe. [1pu 10piBHSIHHI 3pa3KiB, 100YI0BAHUX IPK Pi3HIl TOBIIUHI IAPY Ta B OJHAKO-
BOMY HAIPAMKY, 3’ SICOBAHO, 110 3HAYEHHS TUMYACOBOTO OTIOP MA€ HAHMKY1 3HAYEHHS /111 BEPTUKAJIbHIX 3Pa3KiB MOPiBHA-
HO 3 TOPU30HTATBHUMU B HampsiMax X ta Y.

Kmouosi cnosa: kobansr-xpomosuii ciias, Co-Cr-Mo, 1iibHiCTh, MIKPOCTPYKTYPa, MEXaHIYHI BJACTUBOCTI, OPi€HTaLlis, KO-
edillieHT TeMIIepaTypPHOTO PO3HMIMPEHHS.
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