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avtorTa sayuradRebod!

redaqciaSi statiis warmodgenisas saWiroa davicvaT Semdegi wesebi:

 1. statia unda warmoadginoT 2 calad,  rusul an inglisur enebze, dabeWdili 
standartuli furclis 1 gverdze,  3 sm siganis marcxena velisa da striqonebs 
Soris 1,5 intervalis dacviT. gamoyenebuli kompiuteruli Srifti rusul da ing-
lisurenovan teqstebSi - Times New Roman (Кириллица), xolo qarTulenovan teqstSi 
saWiroa gamoviyenoT AcadNusx. Sriftis zoma – 12. statias Tan unda axldes CD 
statiiT. 
 2. statiis moculoba ar unda Seadgendes 10 gverdze naklebs da 20 gverdze mets 
literaturis siis da reziumeebis (inglisur, rusul da qarTul enebze) CaTvliT.
 3. statiaSi saWiroa gaSuqdes: sakiTxis aqtualoba; kvlevis mizani; sakvlevi 
masala da gamoyenebuli meTodebi; miRebuli Sedegebi da maTi gansja. eqsperimen-
tuli xasiaTis statiebis warmodgenisas avtorebma unda miuTiTon saeqsperimento 
cxovelebis saxeoba da raodenoba; gautkivarebisa da daZinebis meTodebi (mwvave 
cdebis pirobebSi).
 4. statias Tan unda axldes reziume inglisur, rusul da qarTul enebze 
aranakleb naxevari gverdis moculobisa (saTauris, avtorebis, dawesebulebis 
miTiTebiT da unda Seicavdes Semdeg ganyofilebebs: mizani, masala da meTodebi, 
Sedegebi da daskvnebi; teqstualuri nawili ar unda iyos 15 striqonze naklebi) 
da sakvanZo sityvebis CamonaTvali (key words).
 5. cxrilebi saWiroa warmoadginoT nabeWdi saxiT. yvela cifruli, Sema-
jamebeli da procentuli monacemebi unda Seesabamebodes teqstSi moyvanils. 
 6. fotosuraTebi unda iyos kontrastuli; suraTebi, naxazebi, diagramebi 
- dasaTaurebuli, danomrili da saTanado adgilas Casmuli. rentgenogramebis 
fotoaslebi warmoadgineT pozitiuri gamosaxulebiT tiff formatSi. mikrofoto-
suraTebis warwerebSi saWiroa miuTiToT okularis an obieqtivis saSualebiT 
gadidebis xarisxi, anaTalebis SeRebvis an impregnaciis meTodi da aRniSnoT su-
raTis zeda da qveda nawilebi.
 7. samamulo avtorebis gvarebi statiaSi aRiniSneba inicialebis TandarTviT, 
ucxourisa – ucxouri transkripciiT.
 8. statias Tan unda axldes avtoris mier gamoyenebuli samamulo da ucxo-
uri Sromebis bibliografiuli sia (bolo 5-8 wlis siRrmiT). anbanuri wyobiT 
warmodgenil bibliografiul siaSi miuTiTeT jer samamulo, Semdeg ucxoeli 
avtorebi (gvari, inicialebi, statiis saTauri, Jurnalis dasaxeleba, gamocemis 
adgili, weli, Jurnalis #, pirveli da bolo gverdebi). monografiis SemTxvevaSi 
miuTiTeT gamocemis weli, adgili da gverdebis saerTo raodenoba. teqstSi 
kvadratul fCxilebSi unda miuTiToT avtoris Sesabamisi N literaturis siis 
mixedviT. mizanSewonilia, rom citirebuli wyaroebis umetesi nawili iyos 5-6 
wlis siRrmis.
 9. statias Tan unda axldes: a) dawesebulebis an samecniero xelmZRvane-
lis wardgineba, damowmebuli xelmoweriTa da beWdiT; b) dargis specialistis 
damowmebuli recenzia, romelSic miTiTebuli iqneba sakiTxis aqtualoba, masalis 
sakmaoba, meTodis sandooba, Sedegebis samecniero-praqtikuli mniSvneloba.
 10. statiis bolos saWiroa yvela avtoris xelmowera, romelTa raodenoba 
ar unda aRematebodes 5-s.
 11. redaqcia itovebs uflebas Seasworos statia. teqstze muSaoba da Se-
jereba xdeba saavtoro originalis mixedviT.
 12. dauSvebelia redaqciaSi iseTi statiis wardgena, romelic dasabeWdad 
wardgenili iyo sxva redaqciaSi an gamoqveynebuli iyo sxva gamocemebSi.

aRniSnuli wesebis darRvevis SemTxvevaSi statiebi ar ganixileba.
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Abstract.
Background: The mechanical properties of cobalt-chromium 

(Co-Cr) alloys produced through selective laser melting (SLM) 
can be enhanced by the application of the post-heat treatment, 
but it is still unclear how long the heat treatment should last and 
how the cooling rate affects the tensile properties and hardness 
of the alloy.

Aim of this study: Investigate the effects of heat treatment 
for one hour and six hours, respectively, at 1150 C, and 
three cooling conditions (AC, FC, and WC), on the tensile 
strength, elongation, and hardness of SLM Co-Cr alloy 
specimens. Materials and methods: Thirty-five Dumbbell 
shaped specimens (50×12×2 mm) (ISO 6892-1:2016), and 
thirty-five rectangular-shaped specimens (34×13×1.5 mm) 
ISO (22674:2016) were manufactured and divided into seven 
groups, based on the use of heat or cold and the duration of both. 
Tensile strength and Vickers hardness tests were performed on 
the specimens.

Results: When it comes to tensile strength, the (FC1) group 
took the bottom spot with a score of (991.21 MPa) while the 
control group came out on top, boasting an impressive (1362.41 
MPa). When it came to elongation, the control group had the 
lowest score (4%), while the best-treated group scored (17%). 
The lowest and highest value of tensile strength was similarly 
affected.

Conclusion: Water-quenched groups showed better tensile 
properties and hardness than other groups. As a result, increasing 
the cooling rate is an effective way to improve the ductility and 
hardness of the SLM Co-Cr alloy.

Key words. Selective laser melting (SLM), heat treatment, 
cooling conditions, tensile strength, elongation.
Introduction.

Removable partial dentures (RPD) are an essential component 
of prosthodontic sciences, which restore and maintain a patient's 
oral function, comfort, appearance, and health by replacing 
missing teeth and craniofacial tissues [1]. Cobalt chromium 
(Co-Cr) alloys are commonly utilized in the production of 
biomedical equipment, such as dental devices because they 
have superior mechanical properties, good biocompatibility, 
low wear rate, and high corrosion resistance [2].

Selective laser melting (SLM) is a revolutionary approach to 
additive manufacturing that is uplifting the dental industry. This 
cutting-edge technology is rapidly replacing the traditional lost-
wax method for producing Co-Cr dental devices. With SLM, 
this innovative process uses laser technology to create intricate 
designs and structures, resulting in dental devices that are not 
only more accurate but also more durable than ever before. In 

terms of mechanical properties and metal release, research has 
demonstrated that Cr-Co parts made using SLM technology are 
superior to those made using conventional casting methods [3,4]. 
This SLM process leads to microstructures with smaller grains 
than those formed through traditional casting methods. In other 
words, the SLM technique produces incredibly fine-grained 
structures that result in some pretty impressive properties [5].

SLM exhibits a drawback in that the manufacturing process 
induces residual stress within the parts due to the distinctive 
thermal cycle of rapid melting and cooling [6,7].

Post-heat treatment is an essential phase to decrease any 
remaining stresses and enhance the mechanical properties of the 
produced parts [8].
Materials and methods.

The specimens were fabricated using Co-Cr powder that is 
commercially available (Riton Model: C01, Foshan Rxton 
Technology Co., China). The composition of Co-Cr powder 
is displayed in (Table 1). The 3D models were designed using 
3ds Max ® software (AutoDesk, USA). SLM machine (Riton 
D-150, Foshan Rxton Technology Co., China) (Figure 1) was 
used for the manufacturing process of the specimens by using 
standard deposition settings for the Riton Model: C01 powder 
at a laser power of 165 W, laser wavelength of 1.064 µm, laser 
speed of 1050 (mm/sec), as well as a layer thickness of 20 to 
50 µm. The specimens underwent a rigorous SLM process and 
were now ready for the next step - heat treatment. To initiate 
this process, we carefully placed them into the furnace (triton rt 
1300 Foshan Rxton Technology Co., China). The furnace was 
set up in an environment filled with Nitrogen gas, creating the 
perfect conditions for the heat treatment process to begin. We 
made sure to follow the building direction of 0o angle to the 
plate to ensure the best possible outcome for our specimens. 
After the SLM process, the specimens were brought to the 
furnace (triton rt 1300 Foshan Rxton Technology Co., China) to 
begin the heat treatment process. The machine was operating in 
an atmosphere with Nitrogen gas. The building direction of 0o 
angle to the plate was used.

Table 1. Composition of the Co-Cr powder.
Co Cr Mo W Si Fe C Ni
60 % 28% 5 % 5 % < 1 % < 0.75 % < 0.16 % < 0.1 %

First, the furnace was cranked up from room temperature 
to a scorching 760°C. After reaching this temperature, it was 
maintained for a tense 10 minutes. Next, the furnace was pushed 
even further to a blistering 1150°C. This temperature was then 
held steady for a whole hour or even six hours, depending on the 
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desired outcome. Finally, the furnace was shut down, leaving 
us with a product that had undergone a truly impressive heat 
treatment, the whole process was completed at a ramp rate of 
10°C per minute. 

Figure 1. SLM Machine.

Here's how we conducted the heat: First, we cranked up 
the temperature of the furnace from room temperature to a 
whopping 760 C. Then, we kept it steady for 10 minutes to let 
the heat penetrate deep into the material. After that, we turned 
up the heat even more to 1150 C and held it there for one hour or 
six hours (depending on the material). And finally, we switched 
off the furnace, bringing an end to this exciting heat treatment 
process. We didn't just randomly increase the temperature. We 
used a ramp rate of 10 C/min, which allowed for a controlled 
and gradual increase in temperature. This ensured that the 
material was properly heated and treated, resulting in the best 
possible outcome [5].

The first groups of specimens were removed from the 
furnace and cooled to room temperature in the open air after 
heat treatment. These groups were named AC1 and AC6. The 
second group was kept in the furnace until they reached room 
temperature. The names for these groups were FC1 and FC6, 
respectively.

The final groups were taken from the furnace after the 1 h / 6 
h timer expired and cooled via water quenching using tap water. 
These groups are named WC1 and WC6, correspondingly. The 
control group was not subjected to any heat treatment or cooling 
and was designated as control.

After separation from the plate, supporting structures were 
completely removed using a metal engine and tapered carbide 
burs. To ensure that the specimens' dimensions remain intact, 
we utilized stone burs (NHT02, Denmart, China) to remove the 
green oxide layer. We followed the manufacturer's instructions 
meticulously to ensure that the process was carried out with 
utmost precision. This step was crucial in preserving the overall 
quality of the specimens.
1. Tensile Strength Test

Thirty-five sleek and stylish dumbbell-shaped specimens. Each 
specimen measures 50x12x2mm and was expertly manufactured 
in accordance with the rigorous standards of the International 
Organization for Standardization (ISO) 6892-1:2016. These 
specimens are designed for tensile testing of metallic materials 

at room temperature, and we've provided five for each group 
(Figure 2) [9,10].

Figure 2. Tensile Specimen.

We conducted some exciting experiments on the dumbbell-
shaped specimens using a top-of-the-line universal testing 
machine (STM 1000, Santam Engineering Design Co., Iran) 
to measure their tensile strength. By subjecting the specimens 
to uniaxial forces, we were able to determine their 0.2% yield 
strength (0.2% YS) and elongation, which were then calculated 
using the stress-strain curve. 
2. Vickers Hardness Test

To measure the hardness of our rectangular specimens 
(34×13×1.5 mm), we used a cutting-edge micro hardness tester 
straight from Otto Wolpert in Germany. This tool is equipped 
with a 136° diamond pyramid indenter and a 4.9 N load, it 
was programmed to perform Vickers hardness (HV) tests 
with pinpoint precision. We didn't just rely on the manufacturer's 
instructions though - we made sure to follow them to a T, ensuring 
accurate results. And to make sure our data was as reliable as 
possible; we took three data points for each sample [11].
Results.

The statistical analysis was done using the SPSS program 
(version 29) (IBM Corp., NY, USA), employing descriptive 
statistics, normality tests, analysis of variance test (One-
way ANOVA), coupled with Duncan's multiple range test 
to demonstrate the difference between groups at P ≤ 0.05 
significance level.
1. Tensile Strength Test

Descriptive statistics including mean value measured in 
megapascal (MPa) and standard deviation of tensile strength, 0.2 
yields (MPa) and elongation percentage are presented in (Table 
2). After analyzing the results of our tensile strength tests, the 
(FC1) group, unfortunately, came in last place with a value of 
(991.21MPa). However, the clear winner in this category was 
the control group, with an impressively high value of (1362.41 
MPa). As for elongation, the control group struggled a bit, 
coming in dead last with a measly (4%) value. But fear not, 
as the (AC6) group swooped in to steal the show with the best 
elongation value of the bunch.

 The lowest value of tensile strength between tested groups was 
presented by the (FC1) group with (991.21MPa). The highest 
value was presented by the control group with (1362.41 MPa). 
For elongation, the worst value was found in the control group 
with (4%) and the best value was found in the (AC6) group.
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Table 2. Descriptive statistics for tensile strength, 0.2 YS and 
elongation.

group

Tensile
strength 
means (MPa)

Std.
Deviation

0.2 YS 
(MPa)

Elongation 
(%)

control 1362.41 170.57 912 4
AC1 1097.82 100.60 616 11
FC1 991.21 91.17 596 8
WC1 1191.05 144.39 658 13
AC6 1135.27 127.36 771 14
FC6 1149.42 141.71 736 10
WC6 1262.61 173.03 810 17
ISO 
22647:2016 500 2

Table 3. Normality Test for tensile strength.

Group
Shapiro-Wilk
Statistic df Sig.

CONTROL .932 5 .608
AC1 .924 5 .553
FC1 .920 5 .532
WC1 .997 5 .997
AC6 .942 5 .678
FC6 .988 5 .973
WC6 .969 5 .870

Table 4. Tensile strength of studied samples.
Sum of 
Squares df Mean 

Square F Sig.

Between Groups 424255.9 6 70709.3 3.677 0.008
Within Groups 538502 28 19232.2
Total 962757.9 34

Table 5. Descriptive statistics for Vickers Hardness test.

N Mean Std.
Deviation Minimum Maximum

CONTROL 5 452.2 34.85972 419.00 510.00
AC1 5 417.8 21.42895 390.00 448.00
FC1 5 376.8 41.40894 324.00 423.00
WC1 5 572 40.18084 523.00 624.00
AC6 5 405 54.05553 339.00 487.00
FC6 5 374.6 24.99600 351.00 411.00
WC6 5 498.2 45.52692 432.00 552.00
Total 35

A normality test was performed on the obtained values (Table 
3). Shapiro- Wilk test revealed that the values were distributed 
normally (P > 0.05).

Tensile strength values for all groups were tested using a one-
way ANOVA (Table 4). The analysis revealed a statistically 
significant difference (P = 0.008) between the groups subjected 
to varying cooling and the control group.

In accordance with the Duncan's multiple range test, it was 
observed that the control group exhibited the maximum tensile 
strength value, while the groups (WC6 and WC1) followed. The 
test also revealed that the tensile strength of the furnace cooled 
(FC1) group had decreased significantly (Figure 3).

Figure 3. Duncan’s multiple range test for Tensile strength.

Figure 4. Duncan’s multiple range test for Elongation.

Figure 5. Stress-Strain Curve, adapted from (Kajima et al., 2018).

Significant differences in elongation were found between the 
groups (P =0.001) according to the analysis of variance test 
ANOVA results and Duncan’s multiple range test (Figure 4). 
The stress-strain curves for the groups are shown in (Figure 5).
2. Vickers Hardness Test

Descriptive statistics (Table 5) for the Vickers Hardness test 
reveals that the (WC1) and (WC6) groups had the highest values 
of Vickers hardness in comparison to the other test groups.

A normality test was performed on the values (Table 6). The 
results of the Shapiro-Wilk tests indicated that the data adhering 
to a normal distribution, with a p-value greater than 0.05.

Vickers Hardness values for all groups were subjected to a 
one-way ANOVA test (Table 7). The results of the statistical 
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analysis revealed a statistically significant difference (P 0.001) 
between water-quenched groups and groups that were under 
other cooling conditions. The results of Duncan's multiple 
range test indicated a decrease in Vickers hardness values for 
the (FC1) and (FC6) groups. (Figure 6).

Table 6. Normality test for Vickers Hardness.
Shapiro-Wilk
Statistic df Sig.

CONTROL 0.865 5 .245
AC1 0.968 5 .863
FC1 0.951 5 .744
WC1 0.942 5 .679
AC6 0.946 5 .705
FC6 0.888 5 .349
WC6 0.954 5 .765

Table 7. Vickers Hardness for the studied samples.
ANOVA

Sum of 
Squares df Mean 

Square F Sig.

Between 
Groups 154549.771 6 25758.295 16.973 <.001

Within 
Groups 42492.400 28 1517.586

Total 197042.171 34

Figure 6. Duncan’s multiple range test for Vickers Hardness.

Discussion.
The present study's results (Table 2) revealed that the control 

group exhibited the highest tensile strength, without any 
application of heat parameters or cooling to the specimens. 
Despite exhibiting the highest levels of strength, such as Tensile 
Strength and 0.2% Yield Strength, the control group's elongation 
was not ideal for medical applications. The large amount of γ 
phase with dense stacking faults should be credited for the high 
strength of the As-SLM alloy. The mechanical properties of As-
SLM Co-Cr alloy must thus be improved by heat treatment in 
order to dissolve the network structure that contains a diamond-
like pattern and re-crystallize a more uniform one [8,10]. The 
0.2% yield strength and ultimate tensile strength exhibited a 

reduction subsequent to a 6-hour heat treatment compared to 
the SLM group without heat treatment [9,11].

Co-Cr-based alloys undergo a phase transformation from the 
γ phase to the martensite ε phase during the cooling process. 
But water quenching at temperatures above 1100 C can produce 
a significant amount of martensite. This discovery has been 
reported by several studies and sheds new light on the properties 
of these alloys [12-14].

Rapid cooling rates played a role in ε martensite formation. 
This implies that the heating and cooling methods have a 
huge impact on the fractions and phases of Co-Cr [10]. After 
heat treatment, quenching Co-based alloys with water or ice 
promotes the formation of ε martensite. When less drastic 
cooling rates, such as air or furnace cooling are applied to the 
alloys, this effect appears to be eliminated [12].

It is widely known that the cooling rate affects the grain size, 
which in turn affects the mechanical properties of the Cobalt 
chromium alloy. According to Wai Cho et al. [5] in their 
microstructure analysis, samples that were cooled by air had 
finer grains than those that were cooled by a furnace because of 
the higher cooling rate. The microstructure recrystallized after 
one and six hours of heat treatment at 1150 C. 

After undergoing thermal treatment, the Co-Cr alloy 
showcased a remarkable transformation with a more uniform 
microstructure and texture, resulting in a visually pleasing finish 
[15]. Interestingly, as the duration and temperature of the heat 
treatment increased, the alloy's ductility saw a slight uptick, 
while the tensile strength showed a marginal decrease [11]. In a 
separate study, Wai Cho et al. [5] found that rapid cooling rates 
played a pivotal role in enhancing the alloy's elongation, further 
demonstrating the alloy's impressive malleability.

The results of our tests using the one-way ANOVA (Table 7) 
and Duncan's multiple range test (Figure 6), it turns out that 
groups (WC1) and (WC6) are significantly different from all the 
other groups when it comes to their Vickers Hardness values. 

According to the findings of this study, rapid cooling rate i.e., 
water quenching is the most effective method for improving 
Vickers hardness in Co-Cr alloys. This result could be explained 
by the selective laser melting (SLM) procedure involving 
a rapid thermal cycle of heating and cooling, leading to the 
development of fine grains within the solidified layer [16-19].

Surfaces of specimens produced using the SLM technique had 
a uniform microstructure, and as the microstructure became 
more uniform, the specimens grew harder” [19]. Igual-Muoz & 
Mischler [20]. concluded that slower cooling processes, such 
as furnace cooling, cause grain size to increase and, as a result, 
mechanical properties, such as hardness, to decrease. Presotto et 
al. [21]. concluded that the slightly higher ε- phase peak of the 
SLM group is associated with enhanced hardness. No significant 
differences in Vickers hardness measurements were observed 
between the Furnace Cooled and Air-Cooled specimens [5].
Conclusion.

This study delved into the remarkable outcome of Co-Cr alloy 
specimens produced via selective laser melting (SLM), and the 
effects of heat treatment on their tensile strength and hardness. 
To be precise, the specimens were subjected to heat treatment 
at a staggering 1150 C for one and six hours and then cooled 
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under three distinct conditions - air cooling, furnace cooling, 
and water quenching. The study revealed that the cooling rate 
plays a significant role in determining the mechanical properties 
of SLM Co-Cr alloys. Surprisingly, the heat treatment duration 
didn't have much of an impact. An increase in the cooling rate 
considerably enhanced the alloy's elongation, as compared to 
the slow cooling rate inside the furnace. But a rise in the cooling 
rate also improved the hardness of the alloy, making it stronger 
and more durable. After rigorous testing, it was concluded that 
heat treatment for one hour, followed by water quenching, 
produced the most convenient mechanical properties among 
all other groups. In conclusion, this study sheds light on the 
outcome of Co-Cr alloy specimens and how different cooling 
rates affect their mechanical properties. The findings could pave 
the way for further research and development of more efficient 
and robust alloys.
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