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ABSTRACT

In the modern manufacturing of parts of metal powder, the method of Selective Laser Melting (SLM) has become widespread.
In Ukraine, the LLC “Additive Laser Technologies of Ukraine” is engaged in the development of equipment for manufacturing
parts of metal powders by SLM technology. Nowadays, for this equipment, the relevant task is the development of a procedure
for choosing the parameters of the process of melting metal powder, providing the necessary mechanical and service proper-
ties of parts. For the investigations, three experimental cylindrical specimens of Co—Cr-Mo alloy were made in the vertical
direction for tensile test according to ISO 6892:2019 — with a diameter of the working zone of 5 mm, with a controlled stop
at a height of 18 mm from the beginning of the working zone, the total length of which is 28 mm. As a result of the analysis of
the values of mechanical properties, it was found that the ultimate strength of the experimental specimens of Co—Cr—Mo alloy
made by SLM technology with a controlled stop during 24 h decreases compared to the specimens made without a controlled
stop — by ~13 %, relative elongation — by ~1 % and reduction in area — by ~17 %. It was found that for the experimental
specimens with a stop in the manufacturing process, the deviation from the average values was: for ultimate strength ~11 %,
relative elongation ~62 % and reduction in area of ~21 %. This is predetermined by failure of one of the specimens at the place
of a stop. The use of parts with a production defect (stop) should be significantly restricted respective to a probable significant

softening and embrittlement of a product.
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INTRODUCTION

In the modern manufacturing of parts of metal pow-
der the method of Selective Laser Melting (SLM) has
become widespread. This technology is based on lay-
er-by-layer fusion of metal powder particles, in which
the melting process is carried out by the movement
of laser beam relative to the digital three-dimensional
model of an object created.

At present, the main manufacturers of equipment
for producing parts by SLM technology are located
in Europe and America, for example, the companies
3D Systems (USA), Electro Optical Systems — EOS
(Germany), Concept Laser GmbH (Germany) and in
other countries of the world. The solutions offered at
the market are expensive and require additional pur-
chase of software for various materials, as well as pur-
chase of powder from the manufacturer of equipment.

In Ukraine, the LLC “Additive Laser Technologies
of Ukraine” is engaged in the development of equip-
ment for creating parts of metal powders by SLM
technology. The advantage of the equipment of the
domestic manufacturer is the ability to independently
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adjust the manufacturing parameters for different ma-
terials and to take into account the geometric features
of a product (significant change in cross-section, slop-
ing surfaces, etc.).

A large number of publications was dedicated to
studying technological aspects of manufacturing parts
by layer-by-layer deposition of the powder layer with the
following melting [1-4]. The research data are aimed at
obtaining high density [5-8], determination of rational
parameters [9—12] and their use in parts manufacturing
[13—15]. Based on the analysis of the mentioned works,
it was found that in most cases a large number of factors
play a significant role in the process of manufacturing
parts for real printing conditions. But it should be noted
that there are a number of reasons causing a stop in the
process: reduction in the rate of surfacing a new layer,
unevenness of powder surfacing, partial tear of a part
due to the curvature, etc. This may play a significant role
in changing the end mechanical properties due to differ-
ent cooling rates and the influence of laminar inert gas
flows on a printed layer.

Based on the preliminary studies of the heat-resis-
tant Inconel 718 alloy [16] (used for parts and assem-
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Figure 1. Particles of source material of Co—-Cr—Mo at a magnification of 100 () and results of granulometric analysis (b)

blies of aircraft and space purpose), it was fairly clear
noted that a stop in printing with the further resump-
tion of the process has no significant influence on me-
chanical properties (deviation is approximately 5 %),
the average level of which corresponded to foreign
analogues. Microstructure examinations helped the
authors to find an area with a reduced material pene-
tration, located in the zone of a stop.

The problem of the influence of a stop in the pro-
cess of manufacturing parts by SLM method requires
further study, including with the use of other materials
in order to determine the level of deviations of mechan-
ical properties and to predict the possibilities of opera-
tion of such products. The Co—Cr—Mo alloy is widely
used in the dental industry, namely in orthopedics for
the manufacture of dental prosthesis with the appli-
cation of ceramic coating. The use of the Co—Cr—Mo
alloy in the dental implantation is predetermined by a
high level of values of mechanical properties and indi-
ces of wear resistance in combination with a low coef-
ficient of temperature expansion and biocompatibility.

In the work, the studies of the cobalt-chromium
Co—Cr—Mo alloy after a stop in the printing process
and comparison of the characteristics of the alloy in
the state obtained under rational printing conditions
were carried out.

The aim of the work is to investigate the influence
of a one-time stop in the process of manufacturing a
part by SLM technology on mechanical properties of
specimens from the Co—Cr—Mo alloy to establish the
serviceability of parts that have such a feature.

MATERIAL AND RESEARCH PROCEDURE

In the work, the tensile specimens were studied, man-
ufactured in the 3D printing machine Alfa-150D of
ALT Ukraine, produced of metal powder from the
cobalt-chromium Co—Cr-Mo alloy with the follow-
ing chemical composition, wt.%: 17.79 Cr; 12.63 Ni;
2.35 Mo; 0.78 Mn; 0.64 Si; C 0.016, granulometric
analysis is presented in Figure 1.

Metallographic sections were made according to
standard procedures with the use of diamond pastes.
Metallographic examinations were performed with

the use of light microscopes Neophot 30 and Axio-
vert 200M MAT to determine the density of the speci-
mens. The sizes and amount of pores and oxides were
calculated using the ImageJ software module. Granu-
lometric analysis was performed in a scanning elec-
tron microscope REM 106.

Three experimental cylindrical specimens were
made for tensile tests according to ISO 6892:2019
with a diameter of the working zone of 5 mm. In the
process of building, the specimens were arranged in
the working space in a vertical position; a controlled
stop during 24 h was carried out at a height of 18 mm
of the working zone, the total length of which was
28 mm (Figure 2). The rational printing parameters
were determined in [17]: deposited layer is 20 um
thick: distance between the tracks is 0.1 mm, power
is 130 W, velocity of beam passing is 900 mm/s. Me-
chanical treatment of specimens to finished sizes was
carried out with the use of the HAAS ST10 lathe.

Mechanical properties were determined during
tensile tests in accordance with the standard proce-
dure in the PHY WE machine.

RESEARCH RESULTS

The studies of the specimens in a polished state
showed that they all have a density of about ~99.97 %
(Figure 3), in most cases defects are represented by
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Figure 2. Scheme of location of a place of a controlled stop of
printing an experimental specimen
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Specimen No. |

Specimen No. 2

Specimen No. 3

Figure 3. Microstructure of experimental specimens in the zone of stop

Table 1. Mechanical properties of experimental specimens manufactured from the Co-Cr—Mo alloy by SLM technology in the initial

state with mechanical treatment of the working zone

Number State 6, MPa Acy, % 3, % Ad,, % v, % Ay, % Source

1 1067.6 +5.6 6.9 +0.5 13.9 +14.3 —

2 With a stop 895.2 —~11.1 2.6 —62 9.4 -21 -

3 1060.1 +4.9 11 +37.6 12.3 +3.25 —
Average 1007.6 0 6.86 0 11.9 0 -

4 1157 —0.19 1.8 —74.13 17.9 +23.78 [17]

5 Without a stop 1162 +0.23 8.7 +25 10.1 -30.15 [17]

6 1159 -0.02 10.4 +49.42 15.4 +6.50 [17]
Average 1159.3 0 6.96 0 14.46 0 [17]

separate globular pores with a diameter of 1-2 pm.
According to the results of studies, no defects of the
influence of a stop on the continuity of the experimen-
tal specimens were found at the microstructure level.

According to the results of visual-optical inspec-
tion, failure of the experimental specimens Nos 1
and 3 occurred beyond the place of a controlled stop,
and the surface of a fracture had a tough structure. It
should be noted that failure of the experimental spec-
imen No. 2 occurred in the zone of a controlled stop
and had a brilliant fracture with the visible character-
istic texture of the tracks (Figure 4).

Specimen No. 2.

Figure 4. Failures of experimental specimens with a controlled
stop
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According to the results of the analysis of the val-
ues of mechanical properties (Table 1), it was found
that the values of mechanical properties of the spec-
imens with a controlled stop undergo changes com-
pared to the initial state without a controlled stop [17].

The comparative analysis of the average values of
ultimate strength of all the experimental specimens
with a controlled stop allows setting a decrease in val-
ues by 13 % compared to the state without a stop in
manufacturing. The average values of relative elonga-
tion of the experimental specimens with a stop under-
go slight changes (~1 % compared to a state without a
stop). While analysing changes in the average values
of reduction in area, it was found that for the exper-
imental specimens with a controlled stop, a decrease
in this characteristic by ~17 % is observed, compared
to the specimens without a stop in the manufacturing
process. It should also be noted that the experimental
specimens with a controlled stop have large discrep-
ancies in values within the framework of the study,
namely: ultimate strength —11.1 — +4.9 %, relative
elongation —62 — +37.6 %, reduction in area —21 —
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+14.3 % compared to the specimens made without
a stop —0.19 — +0.23 %, +1.8 — +10.4 %, —30.15 —
+23.78 % accordingly. A small discrepancy in values
indicates the stability of the process of manufacturing
specimens and a heating-cooling cycle in manufactur-
ing. A significant decrease in mechanical properties of
the specimen No. 2, which was made with a stop and
fractured along the place of its location indicates, that
the use of parts with such a production defect should
be significantly limited respective to a probable sig-
nificant softening and embrittlement of a product.

CONCLUSIONS

1. As a result of the analysis of the values of mechan-
ical properties, it was found that the ultimate strength
of the experimental specimens with a controlled stop
from the Co—Cr—Mo alloy, made by SLM technology,
is reduced compared to the specimens made without a
controlled stop — by ~13 %, relative elongation — by
~1 % and reduction in area — by ~17 %.

2. It was found that for the experimental specimens
in the process of manufacturing, the deviation from
the average values was: for ultimate strength ~11 %,
for relative elongation ~62 % and for reduction in area
~21 %. This is predetermined by the failure of one of
the specimens at the place of a stop.

3. The use of parts with a production defect (stop)
should be significantly limited, respectively to a proba-
ble significant softening and embrittlement of a product.

REFERENCES

1. Mahoney, M.W. (1989) Superplastic Properties of Alloy
718. In: Superalloy 718 Metallurgy and Applications. Eds by
E.A. Loria, TMS, 391-405.

2. Adjamskyi, S., Kononenko, G., Podolskyi, R., Badyuk, S.
(2022) Implementation of selective laser melting technolo-
gy in Ukraine. Kyiv, Naukova Dumka [in Ukrainian]. DOI:
https://doi.org/10.15407/978-966-00-1856-3

3. Conner, B.P., Manogharan, G.P., Martof, A.N. et al. (2014)
Making sense of 3-D printing: Map of additive manufacturing
products and services. Additive Manufacturing, 1-4, 64-74.

4. Vinas, J., Brezinova, J., Brezina, J., Maruschak, P.O. (2019)
Structural and mechanical features of laser-welded joints of
zinc-coated advanced steel. Mater: Sci., 55.

5. Dudda, W. (2019) Influence of high temperatures on the me-
chanical characteristics of 260H2MF and ST12T steels. Mater.
Sci., 55.

6. Frazier, W.E. (2014) Metal additive manufacturing: A review.
J. Mater. Eng. and Performance, 23(6), 1917-1928.

7. Kovalenko, V.S., Golovko, L.F., Merkulov, G.V., Strizhak,
A.L (1981) Strengthening of parts by laser beam. Kyiv, Tekh-
nika [in Russian].

8. Kruth, J.-P., Leu, M.-C., Nakagawa, T. (1998) Progress in
additive manufacturing and rapid prototyping, CIRP Ann.-
Manuf. Technol., 47(2), 525-540.

9. Kamath, C. (2016) Data mining and statistical inference in selec-
tive laser melting. Int. J. Adv. Manuf. Technol., 86, 1659-1677.

10. Adzhamskyi, S.V., Kononenko, G.A., Podolskyi, R.V. (2021)
Influence of parameters of SLM-process on formation of
boundary area of parts from heat-resistant nickel alloy Inconel
718. Kosmichna Nauka i Tekhnologiya, 27(6), 105—114. DOI:
https://doi.org/10.15407/knit2021.06.105

11. Williams, C.B., Mistree, F., Rosen, D.W. (2005) Towards the
design of a layer based additive manufacturing process for
the realization of metal parts of designed mesostructured. In:
Proc. of 16" Solid Free. Fabr. Symp., 217-230.

12. Loh, L.-E., Chua C.-K., Yeong W.-Y. et al. (2015) Numerical
investigation and an effective modelling on the Selective La-
ser Melting (SLM) process with aluminium alloy 6061. /nt. J.
Heat Mass Transf., 80, 288-300.

13. Adzhamskyi, S.V., Kononenko, G.A., Podolskyi, R.V. (2020)
Influence of technological parameters of SLM-process on po-
rosity of metal products. The Paton Welding J., 10, 13-18.
DOL: https://doi.org/10.37434/as2020.10.03

14. (2002) ASM Metals HandBook. Vol. 2: Properties and Selection:
Nonferrous Alloys and Special-Purpose Materials. ASM Int.

15. Callister, W.D., Callister, Jr W.D. (2000) Fundamentals of
Materials Science and Engineering: An Interactive: Text. 5"
Ed. Wiley.

16. Adjamsky, S.V., Sazanishvili, Z.V., Tkachov, Y.V. et al. (2021)
Influence of the time interval between the deposition of lay-
ers by the SLM technology on the structure and properties
of Inconel 718 alloy. Mater. Sci. 57, 9-16. DOI: https:// doi.
org/10.1007/s11003-021-00508-3

17. Adjamskyi, S., Kononenko, G., Podolskyi, R., Badyuk, S.
(2022) Studying the influence of orientation and layer thick-
ness on the physico-mechanical properties of Co—Cr—Mo al-
loy manufactured by the SLM method. Sci. and Innovation,
18(5), 85-94. DOI: https://doi.org/10.15407/ scine18.05.085

ORCID

S.V. Adzhamskyi: 0000-0002-6095-8646,
G.A. Kononenko: 0000-0001-7446-4105,
R.V. Podolskyi: 0000-0002-0288-0641

CONFLICT OF INTEREST
The Authors declare no conflict of interest

CORRESPONDING AUTHOR

R.V. Podolskyi

Ukrainian State University of Science

and Technologies

4 Haharina Prosp., 49000, Dnipro, Ukraine.
E-mail: rostislavpodolskij@gmail.com

SUGGESTED CITATION

S.V. Adzhamskyi, G.A. Kononenko, R.V. Podolskyi
(2023) Influence of a stop in the process of melting
on mechanical properties of specimens from the
Co—Cr—Mo alloy made by SLM technology. The
Paton Welding J., 8, 56-59.

JOURNAL HOME PAGE
https://patonpublishinghouse.com/eng/journals/tpwj

Received: 16.06.2023
Accepted: 07.08.2023

59






