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Abstract. The article examines the influence of various heat treatments, their temperature, as well as silver alloying on mechanical properties, phase
composition and structure of steel wire from chromium-nickel-molybdenum austenitic stainless steel 03Kh17N10M2. Choice of the amount of
silver alloying was based on previous studies of the antibacterial effect of modifying medical steels with silver. Since the antibacterial effect was
confirmed on several bacterial strains, for the most efficient operation of alloys, it is necessary to determine the best temperature mode for working
with them. Steel for the study was smelted and then transformed into wire through rolling, forging and drawing operations. On the obtained wire
samples of different diameters with a silver content (0; 0.2 and 0.5 wt. %) mechanical tests were carried out to determine the elongation, yield strength
and tensile strength. Various modes and temperatures of heat treatment were tested on wire of different diameters to study their effect on mechanical
properties and structure. Microstructure of the wire samples subjected to heat treatment and obtained after drawing was investigated. A phase analysis
was also carried out to determine the effect of silver in various quantities on austenitic steel. According to the results of the phase composition analysis,
it was concluded that silver reduces the amount of gamma phase in steel, and this effect increases in proportion to the increase in silver amount.
This change correlates with a slight drop in the metal ductility. At the same time, there are no significant changes in the strength characteristics and
microstructure from the presence of silver.
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AHHOomayus. B cratbe paccMaTpHBAeTCs BIMSHHME PA3IMYHBIX TEPMHUUYECKUX OOpabOTOK, MX TEMIeparypbl, a TaKKe JIETMPOBaHUS CepeOpoM

Ha MEXaHMYECKHE CBOMCTBA, (Da30BBI COCTAB M CTPYKTYpPY MPOBOJOKH M3 HEPIKABEIOLIEH XPOMOHHKEIbMOIHOICHOBOM ayCTEHUTHOW CTalH
03X17H10M2. Bri6op BelTHUUHBI JISTHPOBAHUS CepeOPOM OCHOBBIBAJICS HA paHEe MPOBEICHHBIX MCCISIOBAHUAX aHTHOAKTEpHAIbHOTO ddhekTa
0T MOJM(BHIMPOBAHKS MEAUIIMHCKUX cTanei cepedpom. ITockonbKy aHTHOAKTEpHAIbHOE BO3ACHCTBHE TIOATBEPIKICHO HA HECKOJIBKUX IITaAMMaXxX
Oakrepwuit, 115t HarOosee 3 PEKTUBHO HKCIUTyaTaIMH CIUIABOB TPEOyeTCs ONpeIeIUTh HAWTY YN TeMIIepaTypHbIi pexum padboTsl ¢ Humu. Crasb
JUISL ICCIICIOBAHMS BBIIUIABIICHA U 3aTE€M Yepe3 ONepalliy MPOKaTKU, KOBKH M BOJIOUCHHsI IIpeoOpa3oBaHa B MPOBOJIOKY. Ha mosy4eHHbIX 00pasiax
MIPOBOJIOKM PA3HOTo auamerpa ¢ coxepkanueM cepedpa 0; 0,2 u 0,5 % (1o macce) mpoBeieHbl MEXaHUUECKHUE MCIIBITAHUS JUISl OTIPE/IeNICHUs
OTHOCHTEJILHOTO YIJIMHEHHs, pejiesia TeKy4eCTH U npejena npoYHocTd. Ha mpoBosioke pasHOro JuameTpa orpoOOBaHbI Pa3indHbIC PEKHUMBI
U TeMIIEpaTypbl TEPMUYECKUX 00PaOOTOK IS NCCIIEI0BAHUS MX BIMSHUS HA MEXaHHYECKUE CBOICTBA U CTPYKTYpY. MccienoBana MUKPOCTPYKTypa
MOJIBEPTHYTHIX TEPMHUYECKON 00pabOTKe M IOIYYEHHBIX HOCIE BOJIOYEHUS 00pa3LoB HPOBOIOKU. Takxke MpoBeneH (a3oBbIH aHATIU3 C LIEJIBIO
ycraHoBieHus 3pexTa oT NPUCYTCTBHS cepedpa B pa3IMUYHbIX KOJIMYECTBAX HA ayCTEHUTHYIO cTanb. [1o pesynsraram mccienoBanus GpazoBoro
cocTaBa CJIeJIaH BBIBOJ, YTO Cepedpo YMEHBIIACT KOJIMYECTBO raMMa-(asbl B CTaIH, U 3TOT 3G (HEKT pacTeT NPONOPLHOHAIBHO YBEINYCHHIO 10U
cepebpa. JlaHHOE U3MEHEHHE KOPPEIUpyeT ¢ HEeOONIBIIMM NaJeHHEM IUIACTUYHOCTH MeTaslIa. [Ipu 9TOM 3HaYUMBIX M3MEHEHHH B MIPOYHOCTHBIX

XapaKTepUCTHKAX U MUKPOCTPYKTYpe OT IPUCYTCTBUs cepedpa He HabmogaeTcs.

Kaloyesvle cnoea: tepmudeckas 00paboTKa, IPOBOJIOKA, cepedpo, HepIKaBerolas CTallb, MEXaHHYCCKUE CBOHCTBA, (ha30BbIH COCTAB

/s yumupoeaHus: Topoenko A.Jl., Kamman M.A., Konymkun C.B., Hacakuna E.O., baukun A.C., Cepruenko K.B., Bannukos A.1O., Mopo3o-
Ba SI.A., Omxkyko C.A., Konmakos A.I., CeBocTbsHOB M.A. Bimsinue cepebpa 1 TepMudeckoil 06pabOTKU Ha CBOICTBA IIPOBOJIOKY U3 ayCTCHHT-
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- INTRODUCTION

Austenitic steels find widespread use in economic sec-
tors where materials necessitate high resistance to cor-
rosion and durability. These sectors include medicine,
the food industry, chemical production, among others.
This utilization is linked to a specific set of requirements,
primarily corrosion resistance and relatively low cost.
These steels have gained significant traction in medicine,
particularly in applications involving direct and pro-
longed contact with the human body, such as implanta-
tion. This is attributed to their biotolerance and relatively
high plasticity [1 — 3].

For short-term implantation, biotolerant materials
are employed, meeting the standards set by State Stan-
dards GOST, such as high-alloy stainless steels [4; 5].
While they can be utilized in creating long-lasting pros-
theses [6; 7], current practices involve augmenting these
materials with coatings and other methods to enhance bio-
compatibility [8]. Stainless medical steels exhibit resis-
tance to the aggressive internal environment of the human
body and, notably, do not typically induce an immune
reaction, barring individual, rare allergic responses
to specific components. However, despite the advantages
of these materials, the possibility of bacterial infection
in the vicinity of the implant cannot be entirely ruled out
during operations [9 — 12].

Silver is known for its capability to disrupt bacteria
metabolism [13 — 16]. This essential property persists
when silver is incorporated into coatings [17; 18] or uti-
lized as a doping component [19 — 21]. Several publica-
tions [2; 19] detail the authors’ endeavors in producing
03Kh17N10M2 steel with 0.2 and 0.5 % Ag additions,
examining these compositions for their antibacterial
properties. The research revealed that a mere 0.2 % Ag
within the steel composition suffices to suppress detri-

mental strains of Pseudomonas marginalis and Clavi-
bacter bacteria. Furthermore, an escalation in silver con-
tent resulted in a more pronounced effect. Additionally,
these compositions underwent scrutiny to ascertain their
mechanical properties and microstructural changes.
However, the research focused on materials in the form
of ingots and rolled products, while acknowledging
the potential use of such steels in wire form or as a work-
piece. This could facilitate further utilization in additive
manufacturing, welding, or product formation through
simple mechanical processing.

This study aimed to determine the mechanical proper-
ties of wire fabricated from 03Kh17N10M2 steel (akin in
chemical composition to steels employed in medicine and
jewelry, such as 316L) with silver additives. The inves-
tigation explored the influence of silver on the steel’s
structure, phase composition, mechanical properties, and
the impact of various heat treatment methods on the sil-
ver-enhanced steel.

[ MATERIALS AND METHODS

The smelting of steel took place at the Baikov Insti-
tute of Metallurgy and Materials Science, Russian Aca-
demy of Sciences. Through a process of triple remel-
ting, chromium-nickel-molybdenum stainless austenitic
steel 03Kh17N10M2 was produced, incorporating addi-
tional doping with silver. The chemical composition
of the resulting alloys is detailed in Table 1. Alloy / rep-
resents the base composition without the addition of sil-
ver, while alloy contains 0.2 % Ag and alloy 3 contains
0.5 % Ag. Further details on the ingot production tech-
nology are available in [2].

The cast billets were rolled into 1 mm thick plates
using a two-roll mill. Subsequently, the deformed work-
pieces were rotated by 90° and, through repeated rolling,
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Table 1

Compositions of the smelted alloys

Tabnuya 1. CocTaBbl BBIIJIABJIEHHBIX CIVIABOB

Alloy Content of elements, wt. %
No. C Cr Ni Ag Si Mn | Mo P S N
0.023 | 16.75 | 10.09 0 043 | 1.82 | 2.05 | 0.041 | 0.009 | 0.073
0.023 | 16.75 1 10.09 | 0.2 | 043 | 1.82 | 2.05 | 0.041 | 0.009 | 0.073
3 0.023 | 16.75 | 10.09 | 0.5 | 043 | 1.82 | 2.05 | 0.041 | 0.009 | 0.073

were shaped into bars measuring 10x10 mm. To achieve
a diameter of 2.4 mm, rotational forging was conducted
on radial forging machines. This process involved suc-
cessive changes of strikers, progressing in increments
of 1 mm until reaching a 5 mm diameter, at which point
the increment was reduced to 0.5 mm. Intermediate hea-
ting up to 700 °C was applied during the forging process.

In preparation for subsequent operations and to ana-
lyze the impact of various heat treatments (HT) on
the properties of the resulting steel bars, a bar with
a 2.4 mm diameter underwent different heat treatment
processes—annealing, normalization, and quenching —
inside a muffle furnace.

Before reducing the diameter further, a scale removal
process was performed using a solution of nitric and hydro-
chloric acids. Subsequently, the bars were lubricated with
sodium soap, and a layer of borax was applied as a lubrica-
ting agent to enhance adhesion to the steel surface.

The subsequent reduction in diameter to 1 mm was
achieved utilizing a drawing machine in an atmospheric

Fig. 1. Obtained wire with a diameter of 1 mm

Puc. 1. Ilomy4enHast mpoBojoKa JuaMeTpom | Mm
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environment. The wire underwent processing at a speed
of 5 m/min, gradually decreasing in diameter by 0.2 mm per
pass, from 2.4 to 1.6 mm. Following this, a two-minute heat
treatment at 900 °C was conducted in the furnace to anneal
the cold-worked steel. Subsequent wire drawing to reduce
the diameter to 1 mm occurred at half the previous steps
and speeds: 0.1 mm per pass at a rate of 2.5 m/min.

Upon achieving the final diameter, the silver-free
steel wire underwent heat treatment at temperatures
of 900, 950, 1000 and 1050 °C, each for a holding time
of 2.5 min (Fig. 1).

Structural examinations were performed on thin sec-
tions of the resulting steel samples. These samples were
embedded in non-conductive resin, followed by grinding
and polishing.

Surface etching was conducted using a composition
suitable for high-alloy steels, comprising hydrofluoric,
sulfuric, and nitric acids (2, 15 and 5 %, respectively,
with the rest being water).

Microstructural analyses were carried out using an
Altami MET 5C microscope, resulting in images depic-
ting the wire’s structure at two different diameters: 2.4
and 1 mm. Photographic recording was executed in pola-
rized light with maximum brightness.

The phase composition of the resulting steels was
investigated through X-ray diffraction patterns obtained
using CuK radiation in a parallel beam geometry.
The positional error of reflections during analysis did
not exceed 0.01° 20. The crystal lattice parameter was
adjusted by extrapolation to 6 = 90° using the Nelson—
Riley method within Origin-2017 software. Microstrain
in the crystal lattice of the main phase was determined
using the Williamson—Hall method, and the quantita-
tive content of crystalline phases was estimated using
the corundum number method.

Mechanical properties of the resulting wires were
calculated based on tensile tests conducted on an
INSTRON 3382 universal testing machine. The average
values were derived from five experiments, determining
ultimate strength, yield stress, and relative elongation in
accordance with State Standard GOST 1497 — 84, utili-
zing the software integrated with the testing machine.
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[l RESULTS AND DISCUSSION

Fig. 2 displays the surface characteristics of sections
obtained from bars with a 2.4 mm diameter.

Upon analyzing the microstructure, it can be inferred
that the presence of silver did not exhibit a discernible
impact on the grain size in both cases.

The materials after drawing are strengthened, heavily
deformed throughout the volume of the metal, thereby
exhibiting minimal ductility. To enable further processing
and to investigate the influence of silver and various heat
treatments on the properties of bars composed of steel
03Kh17N10M2, annealing, normalization, and quen-
ching of the resulting bars were conducted. Fig. 3 exhi-

Fig. 2. Microstructure of the bars:
a—03Kh17N10M2; b — 03Kh17N10M2 + 0.2 Ag; ¢ — 03Kh17N10M2 + 0.5 Ag

Puc. 2. MukpocTpykTypa IpyTKOB:
a—03X17H10M2; b — 03X17HIOM2 + 0,2 Ag; ¢ — 03X17H10M2 + 0,5 Ag

==
——

o
-y

Fig. 3. Microstructure of the bars after normalization at 900 °C (holding time — 2 min):
a—03Kh17N10M2; b — 03Kh17N10M2 + 0.2 Ag; ¢ — 03Kh17N10M2 + 0.5 Ag

Puc. 3. Mukpoctpykrypa npyTkoB nociie Hopmanuzauu npu 900 °C (Beigepikka 2 MUH):
a—03X17H10M2; b — 03X17HI0M2 + 0,2 Ag; ¢ — 03X17H10M2 + 0,5 Ag

Fig. 4. Microstructure of the bars after annealing at 950 °C (holding time — 2.5 min):
a—03Kh17N10M2; b — 03Kh17N10M2 + 0.2 Ag; ¢ — 03Kh17N10M2 + 0.5 Ag

Puc. 4. MukpoctpykTypa npyTkoB rociie orxura npu 950 °C (Bbiuepxka 2,5 MUH):
a—03X17H10M2; b — 03X17HI0M2 + 0,2 Ag; ¢ — 03X17HI0M2 + 0,5 Ag
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Fig. 5. Microstructure of the bars after quenching at 950 °C (holding time — 2.5 min):
a—03Kh17N10M2; b — 03Kh17N10M2 + 0.2 Ag; ¢ — 03Kh17N10M2 + 0.5 Ag

Puc. 5. Muxpoctpykrypa npyTkos nocie 3axkanku 950 °C (Bblaepkka 2,5 MUH):
a—03X17HI0M2; b — 03X17H10M2 + 0,2 Ag; ¢ — 03X17H10M2 + 0,5 Ag

bits images of three alloys post-normalization at 900 °C,
while Fig. 4 showcases the microstructure subsequent
to annealing at 950 °C. Fig. 5 demonstrates the micro-
structure following quenching at 950 °C.

Following heat treatments, the wire materials undergo
recrystallization, leading to the formation of a fine-
grained structure with grain sizes ranging from 3 to 6 pm.

Upon quenching, an equiaxed and finely dispersed
austenite structure becomes apparent. The presence
of banding suggests that recrystallization was incom-
plete before the samples experienced accelerated cool-
ing. Samples cooled in a furnace displayed grains with
a more uniform shape than those cooled in water. Inter-
estingly, annealed samples exhibited superior etchability

when contrasted with quenched ones. Samples normali-
zed at 900 °C exhibited similar microstructures to those
subjected to the quenching process.

The microstructures of all compositions, regardless
of the presence of silver, exhibit no significant differences
from each other. This indicates that microdoping does not
yield discernible microstructural changes.

Mechanical properties of steels from melts / to 3 were
evaluated after undergoing various heat treatments, with
a summary of the test results presented in Table 2.

Heat treatment of bars with a 2.4 mm diameter con-
sistently results in a notable increase in ductility, which
is essential for alleviating cold-working and producing
wire of smaller diameters. Notably, the most pronounced

Table 2

Mechanical properties of a bar with diameter of 2.4 mm, depending
on the sample composition and heat treatment

Tabnuya 2. MexaHu4yecKHe CBOHCTBA MPYTKA AMAMeTPOM 2,4 MM B 3aBUCHMOCTH
OT XHMHMY€CKOI0 COCTaBa 00pa3ua H TepMHYeCKOoi 00padoTKH

Material and heat treatment eloiz:;;gz %% s treZ:ll\(}IPa s trgllglrll,aﬁPa
1 (03Kh17N10M2) after drawing 12+1 243 +3 1026 + 10
1 + normalization 900 °C, 2 min 31+1 454+ 5 760 £ 8
1 + annealing 950 °C, 2.5 min 33+£2 423 +4 738 +7
1 + quenching 950 °C, 2.5 min 53+2 311+3 691 +7
2 (03Kh17N10M2 + 0.2 % Ag) after drawing 10+1 177+3 974+ 38
2 + normalization 900 °C, 2 min 42+2 365+4 7217
2 + annealing 950 °C, 2.5 min 28+ 1 346 +3 667+ 7
2 + quenching 950 °C, 2.5 min 35+2 295+3 645+ 5
3 (03Kh17N10M2 + 0.5 % Ag) after drawing 3+1 276 +3 900 +9
3 + normalization 900 °C, 2 min 30+ 1 336 £4 672 +£6
3 + annealing 950 °C, 2.5 min 31+1 394+5 714 +£7
3 + quenching 950 °C, 2.5 min 45+2 293 +4 680+ 6
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Table 3

Phase composition and parameters of the crystal lattice of 1 mm wire samples 7 — 3

Tabnuya 3. ®@a30BbIii cOCTAB U NapaMeTPbl KPUCTAUIMYECKOH pelleTKH NPoBoJIoKU JuaMeTpoM 1 MM odpa3suos 1 — 3

.. . Phase Volumetric | Weight
Composition Crystal lattice parameters, A eoissi | fosen, % | Sasion, 9%
3.59442 + 0.00008 v-Fe 853+0.1 | 85.6+0.1
2.87512 +£0.00011 a-Fe 13.8+0.1 | 13.5+0.1
1 (03Kh17N10M2)
8.81800 )
o-NiCr 09=+0.1 0.8+0.1
4.57800
3.59488 + 0.00009 v-Fe 829+0.2 | 833+0.2
2.87552 £ 0.00012 a-Fe 158+0.1 | 15.5+0.1
2 (03Kh17N10M2 + 0.2 % Ag)
8.81800 )
o-NiCr 1.3+0.1 1.3+0.1
4.57800
3.59497 = 0.00008 y-Fe 742+0.1 | 747+0.1
2.87599 £ 0.00008 a-Fe 24.1+£0.1 | 23.7£0.1
3 (03Kh17N10M2 + 0.5 % Ag)
8.80994 + 0.00165 )
6-NiCr 1.7+£0.1 1.6 £0.1
4.59121 £ 0.00165

effect was observed in the case of 03Kh17N10M2 with-
out the addition of silver, wherein quenching facilitated
achieving a relative elongation of over 50 %. The influ-
ence of silver on the mechanical properties was marginal,
resulting in a slight reduction in ductility. Consequently,
quenching was deemed the most suitable method for pre-
paring the wire for further drawing to a 1 mm diameter.

To delve deeper into the impact of silver, X-ray phase
analysis was conducted on the wires with a 1 mm diame-
ter. The phase composition data for the wires are outlined
in Table 3 and depicted in Figs. 6, 7.

The analysis of the phase composition revealed
a decrease in the y-Fe fraction and an increase in a-Fe
and o-NiCr from wire composition / to composition 3.
This denotes a ferrite-forming effect attributed to silver
in the stainless steel composition. The escalation in sil-
ver content correlates with an increase in the a-Fe and
o-NiCr phases. The presence of ferrite results from sig-
nificant plastic deformation during wire drawing, and it
remains unaltered since the steel’s content of austeniti-
zing elements (such as carbon, manganese, and nickel) is
relatively low. Considering potential applications invol-
ving the produced wire in its current form, heat treatment
might be advisable to achieve a single-phase structure.

Fig. 8 displays the microstructure of the wires utilized
in the phase analysis, highlighting the hardening effect
post-drawing.

Table 4 presents the mechanical properties of the
resulting wires from compositions / — 3 after being drawn
to a 1 mm diameter.

Comparing the mechanical properties of the origi-
nal composition wire with the alloyed compositions, it

was observed that the wire with the addition of silver
demonstrated similar mechanical characteristics.

Samples of strain-hardened wire with a 1 mm diameter
were subjected to heat treatments at temperatures of 900,
950, 1000, 1050 °C, each for a duration of 2.5 min.
The results of mechanical tests conducted on the material
after these heat treatments are summarized in Table 5.

It has been observed that as the heating tempera-
ture for hardening increases, ductility also increases
while strength decreases. This phenomenon occurs
due to a reduction in the density of dislocations and an
increase in grain size within the material. The choice
of cooling medium (air or water) exhibits a similar effect

Intensity, a.u.

20, deg

Fig. 6. Diffractogram with the results of phase analysis

Puc. 6. Judpaxrorpamma ¢ pesyapraraMu (pa3oBOro aHaIu3a
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Fig. 7. Enlarged diffractogram with the results of phase analysis
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Fig. 8. Microstructure of the wires with a diameter of 1 mm obtained on optical microscope ! (a), 2 (b), 3 (c)

Puc. 8. MuKpocTpyKTypa IPOBOJIOK JHAMETPOM 1 MM, ITOJIy4eHHAs IIPH BOJIOYCHHUH U3 cTasel Mapok ! (a), 2 (b), 3 (¢)

on the mechanical properties owing to the relatively small ~ denum steels. Furthermore, the results from mechanical
diameter of the wire. tests conducted on bars, despite the inclusion of silver in

The acquired data aligns with established recommen-  the steel composition, do not demonstrate any anomalous
dations for the heat treatment of chromium-nickel-molyb-  findings. Notably, the observed ferrite-forming effect

Table 4

Mechanical properties of wires with diameter of 1 mm

Tabauya 4. MexaHH4YeCKHe CBOICTBA MPOBOJIOK AHaMeTpoM 1 Mm

Compastion RelaFive Yield Ultimate
elongation, % | stress, MPa | strength, MPa

1 (03Kh17N10M2) 2.1+£03 1018 £8 1356 £8

2 (03Kh17N10M2 + 0.2 % Ag) 1.5+£0.3 1207 +£9 1648 =10

3 (03Kh17N10M2 + 0.5 % Ag) 1.2+0.2 12809 1636 + 10
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Table 5

. Mechanical properties of the wire with composition 7 and diameter,
depending on heat treatment (cooling in air or water)

Tabnuya 5. MexaHu4yecKHe CBOHCTBA NMPOBOJIOKH cocTaBa I juamerpom 1 Mmm
B 3aBHCHMOCTH OT TepMUUecKoii 00padoTKH (oXJIazKAeHHe Ha BO31yXe HIH B BOje)

Heat treatrnent Rela?ive Yield stress, | Ultimate strength,
elongation, % MPa MPa
900 °C, 2 min, air 51513 399+5 802+7
950 °C, 2 min, air 52.1+1.4 371+4 765 +7
1000 °C, 2 min, air 55715 325+3 738+ 6
1050 °C, 2 min, air 61.4+1.8 311+3 707 £ 6
900 °C, 2 min, water 523+14 386+ 5 792 +7
950 °C, 2 min, water 546+1.5 344 £ 4 766 £ 7
1000 °C, 2 min, water 580+1.8 320+ 3 739+£6
1050 °C, 2 min, water 66.7+1.9 31943 713+6

of silver, as identified through X-ray phase analysis, cor-
responds with findings in prior research [20]. In the men-
tioned study, the addition of 0.2 % Ag to 2205 DSS steel
resulted in a 1.1 % increase in the ferrite phase content.
However, in the case of steel 03Kh17N10M2, this effect
was more than two times greater, measuring at 2.3 %. This
disparity is likely due to the initial disparity in the ferrite
phase content between 2205 DSS steel, which inherently
had a significantly higher amount of ferrite phase, and
03Kh17N10M2 steel.

- CONCLUSIONS

The investigation into the mechanical properties
of wires made of austenitic stainless steel 03Kh17N10M2,
both without and with silver additions of 0.2 and 0.5 %,
revealed a slight reduction in ductility and an increase in
strength due to silver doping. Furthermore, the escalation
in silver content induced a shift in the phase composition,
characterized by a decrease in the y-phase and an increase
in the a-phase and o-phase. Specifically, the addition
of 0.5 % Ag resulted in an 11.1 % decrease in the auste-
nite fraction.

Post-heat treatments, irrespective of wire chemical
composition and diameter, recrystallization occurred,
fostering the development of a fine-grained structure with
grain sizes ranging from 3 to 6 pum.

Interestingly, quenching the resulting 1 mm diameter
wire in both air and water yielded similar outcomes. This
suggests that for products made from steels with exami-
ned compositions, quenching up to a diameter of 1 mm
can be effectively executed in air. However, when dea-
ling with diameters larger than 2 mm, the type of heat
treatment yields significant variations in mechanical
properties.
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