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c d

Fig. 3. Graphs of AE parameters’ dependence of multilayer CrN/NbN coat-
ings and substrate on the deposition technological parameter Pn at the con-
stant negative voltage on the substrate Us: AEmax (&); AEmedium (b); Nae (C);
SUMazae (d).

negative voltage on the substrate Us=-70V and a decrease in AAegium
by 14.8% at the constant negative voltage on the substrate Us=-200V,
as can be seenin Fig. 3, b;

» a decrease in the median value AA edian by 9.8% (from 0.0532V to
0.0480 V) and 18.2% (from 0.0594 V to 0.0486 V) at the constant nega-
tive voltage on the substrate Us=-70V and -200V, respectively, as
can be seenin Table 4;

» a decrease in the mode value AA.. by 0.42% and 3.5% at the con-
stant negative voltage on the substrate Us=-70V and -200V, respec-
tively, as can be seen in Table 4;

e a decrease in the value Nae by 44.2% and 46.5% at the constant
negative voltage on the substrate Us=-70V and -200 V, respectively,
as can be seen in Fig. 3, c;

e an increase in the value SUMae by 93.8% at the constant negative
voltage on the substrate Us =-70V and a decrease in the value SUMae
by 13% at the constant negative voltage on the substrate Us=-200V,
as can be seen in Fig. 3, d.

The graphs of dependence in Figs. 2, 3 show the structure recon-
struction of the multilayer CrN/NbN coatings. It is accompanied by
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the formation, breakdown and relaxation of mechanical stresses in lo-
cal volumes of the coatings under the load (F = 2.8 T). Obtained results
show structural heterogeneity within the volume of multilayer
CrN/NbN coatings and indicate the presence of local microvolumes in
the coating with a greater number of defects (dislocations, vacancies,
etc.). The multilayer structure of CrN/NbN coatings (270 layers with
layer thicknesses hern =17 nm, haen =50 Nnm) also affects the studied
parameters.

3.3. Acoustic Emission Parameters of Multilayer CrN/NbN Coatings.
Second Research Stage

Table5 shows the acoustic emission parameters obtained during
scratch testing of the uncoated stainless steel sample over the full re-
search time (T =50.08 s), namely, the maximum pulse amplitude AEmax,
the average value AEmesium, the median AEmedian, the mode AEmqda, the
number of pulses Nag, the root mean square deviation RMSD(Nag), the
sum of amplitudes of all acoustic emission pulses SUMae, and the
scratch depth hscratch.

Table 6 presents the acoustic emission parameters obtained during
scratch testing of multilayer NrN/NbN coatings for the full time of
research (T =50.08s). These parameters are based on the analysis of
4 scratches for each coating.

Figure 4 shows the dependences of the calculated acoustic emission
parameters of multilayer CrN/NbN coatings and the uncoated sub-
strate (line 3) on the constant negative voltage on the substrate (sam-
ple) Us at constant values of the nitrogen pressure Py in the vacuum

TABLE 5. AE parameters of the uncoated stainless steel substrate.

AAmax, AAmedium,AAmedian, AAmoda, SUMAE, hscratch,
\% \Y \Y \Y \Y pm

Sample| 8.5 | 0.252 |0.0615|0.0414| 1079 88.3 506 | 347.3

Nae [RMSD(Nak)

TABLE 6. AE parameters of multilayer CrN/NbN coatings.

NO- AAmax, AAmedium,AAmedian, AAmoda, SUMAE, hscratch,
sample V V V V V pm

1 1.76 0.084 0.0649 0.0478 3729 30 422  348.1
2 8.99 0.374 0.0919 0.0544 4394 115 1872 344

3 6.89 0.196 0.0613 0.0480 3077 294 982 349.3
4 6.77 0.143 0.0859 0.0600 4544 55 716  342.3

Nae [RMSD(Nak)
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Fig. 4. Graphs of acoustic emission parameters’ dependence of multilayer
CrN/NDbN coatings and the substrate on the deposition technological parame-
ter Us at constant values of the nitrogen pressure in the vacuum chamber Pn:
AEmax (a), AEmedium (b), Nae (C), SUMae (d)

chamber (linel Pn=0.27Pa,line2 Pyn=0.08Pa).

Increasing the constant negative voltage on the substrate Us from
-70 to -200 V leads to:

- a decrease in the maximum value AA,..x by 74.5% at the nitrogen
pressure Dy =0.27 Paand an increase in AA,.x by 32.8% at the nitrogen
pressure by =0.08 Pa, as can be seen in Fig. 4, a;

- a decrease in the average value AAeium by 57% at the nitrogen
pressure Dy =0.27 Pa and an increase in AAyeium by 161.5% at the ni-
trogen pressure By =0.08 Pa, as can be seen in Fig. 4, b;

- an increase in the median value AAcdian by 6% and 7% at the nitro-
gen pressure By =0.27 Pa and 0.08 Pa, respectively, as can be seen in
Table 6;

- a decrease in the mode value AA.q4. by 0.4% and 9.3% at the nitro-
gen pressure By =0.27 Pa and 0.08 Pa, respectively, as can be seen in
Table 6;

- an increase in the value Nae by 21.2% at the nitrogen pressure
Pn=0.27 Pa and a decrease in Nag by 3.3% at the nitrogen pressure
Dn=0.08 Pa, as can be seen in Fig. 4, c;

- a decrease in the value RMSD(Nag) by 10 times at the nitrogen
pressure By =0.27 Pa and an increase in RMSD(Nag) by 2 times at the
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nitrogen pressure By =0.08 Pa, as can be seen in Table 6;

- a decrease in the value SUMae by 57% at the nitrogen pressure
Pn=0.27 Paand an increase in SUMae by 161.5% at the nitrogen pres-
sure By =0.08 Pa, as can be seen in Fig. 4, d.

Figure 5 shows the dependence of the calculated acoustic emission
parameters of multilayer CrN/NbN coatings and the substrate (line 3)
on the nitrogen pressure By at constant negative voltage on the sub-
strate Us (linel Us=-70V,line2 Us=-200V).

Increasing in the nitrogen pressure By in the vacuum chamber from
0.08 t0 0.27 Pa leads to:

- an increase in the maximum value AA..x by 1.8% at the constant
negative voltage on the substrate Us = -70 V and a decrease in AAq.x by
80.4% at the voltage Us =-200 V, as can be seen in Fig. 5, a;

- an increase in the average value AAqeqium by 37% at the constant
negative voltage on the substrate Us=-70V and a decrease in AAcgium
by 77.5% at the voltage Us =-200 V, as can be seen in Fig. 5, b;

- a decrease in the median value AAciian by 28.6% and 29.4% at the
constant negative voltage on the substrate Us=-70V and -200V, re-
spectively, as can be seen in Table 6;

max”

Fig. 5. Graphs of acoustic emission parameters’ dependence of multilayer
CrN/NDbN coatings and the substrate on the deposition technological parame-
ter Pn at the constant negative voltage on the substrate Us: AEmax (8); AEmedium
(b); Nae (c); SUMae (d).
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- adecrease in the mode value AAno. by 20% and 12% at the constant
negative voltage on the substrate Us=-70V and -200 V, respectively,
as can be seen in Table 6;

- adecrease in the value Nae by 32.3% and 15% at the constant nega-
tive voltage on the substrate Us=-70V and -200V, respectively, as
can be seenin Fig. 5, c;

- an increase in the value RMSD(Nag) by 5.3 times at the constant nega-
tive voltage on the substrate Us=-70V and a decrease in RMSD(Nag)
by 3.8 times at the voltage Us=-200V, as can be seen in Table 6;

- an increase in the value SUMae by 37% at the constant negative volt-
age on the substrate Us=-70V and a decrease in SUMae by 77.5% at
the voltage Us=-200 V, as can be seen in Fig. 5, d.

The graphs in Figures 4-5 clearly demonstrate the local structure
reconstruction of the multilayer CrN/NbN coating together with the
substrate, which is accompanied by the formation, breakdown and re-
laxation of mechanical stresses in local volumes of not only the coat-
ing, but also the substrate under the action of a higher load (F =20 N).

The analysis of AE parameters at this research stage showed that the
nitrogen pressure By affects the parameter AEn.. the most. The in-
crease in Dy leads to a decrease in AEmoda.

Figure 6 shows the acoustic emission amplitude AE observed when a
substrate with the multilayer CrN/NbN coatings (sample
No.4 technological parameters of deposition Us=-70V and
Pn=0.08 Pa, and sample No. 3 technological parameters of deposi-
tion Us=-70V and By =0.27 Pa) and uncoated substrate are scratched.
The load F was changing from 2 to 20 N.

The amplitude and shape of the acoustic emission peaks are affected
not only by the physical and chemical properties of the coating compo-
nents (CrN and NbN), but also by the multilayer coatings’ architecture
(the number of layers and their thicknesses, properties of the interlay-
er boundary, etc.).

4. CONCLUSION

The dependence of the acoustic emission parameters on the deposition
technological parameters (constant negative voltage on the substrate
Us, nitrogen pressure Pyn) was investigated. This study characterizes
the multilayer CrN/NbN coating with 270 layers (135 bilayers), bi-
layer thickness h, =67 nm.

The obtained research results can be summarized in the form of the
following conclusions:
1. The change trend of the parameter AEn.x remains unchanged at in-
creasing in the constant negative voltage both at the beginning of the
scratch and along its entire scratch length. But increasing the nitrogen
pressure in the vacuum chamber at the constant negative voltage
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Fig. 6. Dependence of the acoustic emission AE of multilayer CrN/NbN coat-
ings and substrate on the movement of diamond indenter (stylus): sample
No. 4 (a), sample No. 3 (b), uncoated substrate (c) at the load F.

Us=-200V leads to changing this trend from increasing in AEmax by
39% at the beginning of the scratch to decreasing in AEmax by 80.4%
along scratch length.

2. The change trend of the parameter AEmedium remains unchanged both
at the beginning of the scratch and along its entire scratch length.
These changes are more significant along the entire scratch length, ex-
cept in case of increasing in the nitrogen pressure at the voltage on the
substrate Us=-70V, when AEmeium increases by 88.5% at the begin-
ning of the scratch.

3. The change trend of the parameter AEmedian, Which characterises the
median value by position, remains unchanged both at the beginning of
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the scratch and along its entire length, depending on the technological
parameter (Us, Pn) of the coating deposition. The change range of the
parameter AEmedian 1S from 1.25% to 18.2% at the beginning of the
scratch and from 6% to 29.4% along the entire length of the scratch.

4. The change trend of the parameter N depending on the technologi-
cal parameter of coating deposition remains unchanged both at the be-
ginning of the scratch and along the entire length of the scratch, ex-
cept in case of increasing in the constant negative voltage Us at the ni-
trogen pressure in vacuum chamber Py =0.08 Pa, when Nae increases
by 27.6% at the beginning of the scratch and decreases by 3.3% along
the entire scratch length.

5. Along the entire scratch length, parameters AEmedsivm and SUMae
have the same trend of changes, unlike the parameter Nae.

The obtained research results can help us understand the changes in
the coating structure under loading along the entire scratch length. It
can be used for prediction of the multilayer coatings’ properties de-
pending on the technological parameters of the deposition and the
coating architecture.
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TOREAE® TOTOTIOAO-TATOETTA080 1T4. 201 CAATAO «EaE%d». Da-

cééloaoe B3éndaaee ca aTITITaTp ATa03yeuiT; Toefivadée.
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N6O3EUT3fiol, oTatie 10 o0a ao-
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3. DPACOEUOAOE ATNEZAAEAT IR

T4 8ef6Te0 1 TTeAcailT 13€0T11006€060€e TTad0013aTaT @add ¢dacéa
@0e63 20 T3iey acToodar 1y 1a0TaTi A2E ¢ W5=0,13, 0,52 é 3,40 Az 3
TATabéoeaisiop ¢aaiT ¢ Tad@el, adddel 3 003031 aasdyioaie a%-
1TTa%aiTarnoaae. 2.

1 3€0Th000E000Ta afTaésca TTéacaéa, Ut 1Té0e00y ca Ofi’d 00UTO
aadly10°a (aea. oaaé. 2) iééada®ouny ¢ 00UTO aseyiTé — «a’erTal oa-
d6», 48006¢3ETT, ¢cTié é TNTTATTAT 140aé6. ATATT10ac ca aeétoenoat-
1y éTae 1141 ¢ 4203y 1034 ¢3 calelai Ty a1adas; oTcayad cazeliaopou-
iy oTatIe € «A3ETAT» 2ad0 0a 4600¢3é 1T, (Taddd3a1T) ciie.
OAAEEOR 3. bagoéiioaoe apaTiaode+iT; afaésce 17440013460 @adsa éde-
03 20.

TABLE 3. Results of durometric analysis of surface layers of steel 20.

-~ O

ATasasy DTCTTA% 1385T03884TH0& Hy 6 TTAA08 TAATT 6 2ad?
3T¢dya0, TT 1353 TTa88484T Ty 3 0TETT 130y Ty 630181
Aee | 30 | 60 | 90 | 120 | 150 | 180 | 210 | 240 | 270 | 300 | 340
Edesy 20

Tad@eéé 2ad%yio

0,13 6490 5650 4800 2750 2100 1700 1700

0,52 9530 8850 8300 7450 5750 3200 2200 1700 1700

3,4 9870 9250 8560 7950 6850 5520 3160 2500 2100 1700 1700
Ad063eé 4a8%y 10

0,13 6540 5930 5350 4530 2720 2000 1700 1700

0,52 9890 9130 8540 7530 5910 4500 3400 2300 1700 1700

3,4 9910 9340 8790 7980 6420 5150 3650 2450 1950 1700 1700
0840%¢ 4283y 10

0,13 6560 5590 4810 3940 2710 1700 1700

0,52 9900 9350 8670 7650 6220 4650 3460 2460 2120 1700 1700

3,4 9920 9550 8650 7550 6520 5250 3740 2950 2240 1700 1700
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Fig. 2. Distribution of microhardness along the depth of the surface layer of
steel 20 sample after nitriding by the ESA method, where a, 4, a are the first,
second, and third variants of changing productivity, respectively. In the
graph: 1, 2, and 3—ESA at discharge energies Ws=0.13, 0.52, and 3.4 J, re-

spectively.
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bacoéloace 13dyiily otavieie, 13é8T0aadatioe oa N6O3euTToe

0ase. 4.

12 5eMi6 7636 3—6 TTRACATT cadlee TTHO® OTATIE TE ¢35
(2) 2 1365T0AA0ATHOS (3) «&%ETAT» BAG6 4% ATA0AY, O
i 1y TAOTATT AZE 8586° 20 46V 1

3 0530
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OAAEEC")B 4. Tadaidode yetioe acTotaaied oadta, Taddeaied 130Tati
A2E, T4 ¢dacead 3¢ 88e63 20.

TABLE 4. Parameters of the quality of nitrided layers obtained by the ESA
method on steel 20 samples.

- SE (= (ﬁ
(@4 [y (= — _ . @ 1©
g | =2 3 A= , 1380702404300, 1 Ta = °
2 2 \om (™= , )
2| g | B | DO & | ¢
oS8 | §Q | 25 | = 3 39
eSS I - S O I = 219
<3 | §= | GO | T | «weran» |vhoacuin| $ =8
o | 8 Q 3 2386 ¢Tie S @
XO ’8 «S oS 0
:- ! (- @ he)
O Z
Tayaia 0ad imeTasy
0,13 0,6 1,7 150,0 6350 4350 1,1 70
0,52 1,2 0,8 160,0 9421 4550 1,5 80
340 2,0 05 2250 9721 4870 6,5 90
Tadoeé aad%io
0,13 0,3 3,3 165,0 6490 4750 1,0 80
0,52 0,6 1,7 175,0 9530 5750 1,6 90
3,40 1,0 1,0  240,0 9870 6850 6,4 95
Ad06386é 438310
0,13 0,2 50 1725 6540 4810 1,1 100
0,52 03 3,3 185,0 9890 5910 1,5 100
340 05 2,0 250,0 9910 6420 6,3 100
08303 438310
0,13 0,1 10,0 177,5 6560 5350 1,0 100
0,52 0,2 50  190,0 9900 6220 1,4 100

3,40 0,3 3,3 255,0 9920 6520 6,2 100
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Fig. 3. Dependences of the thickness of the strengthened layer (a) and the mi-

crohardness (&) of the ‘white’ layer on the discharge energy and labour inten-
sity during nitriding by the ESA method of steel 20 for the available technol-

ogy.
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Fig. 4. Dependences of the thickness of the strengthened layer (a) and the mi-
crohardness (4) of the ‘white’ layer on the discharge energy and labour inten-
sity during nitriding by the ESA method of steel 20 for the 1% processing var-
iant.
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Fig. 5. Dependences of the thickness of the strengthened layer (a) and the mi-
crohardness (&) of the ‘white’ layer on the discharge energy and labour inten-
sity during nitriding by the ESA method of steel 20 for the 2" processing var-
iant.
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Fig. 6. Dependences of the thickness of the strengthened layer (&) and the mi-
crohardness (&) of the ‘white’ layer on the discharge energy and labour inten-
sity during nitriding by the ESA method of steel 20 for the 3™ processing var-
iant.
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pen. 7. 13

ca A2E &edéoorarp-
W5=0,13 (&, &, &), Ws=
0p ¢d3a1T ¢ 0adé. 2.
Fig. 7. Microstructures of the nitrided surface layer of samples of steel 40
during ESA with an electrode instrument made of steel 40 at discharge ener-
gies: W5=0.13 (4, 4, ), Ws=0.52 (4, &, ) and Ws=3.40 J (a8, ¢, 3) and labour
intensity, according to the Table 2.
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16 — «&3ETAT Zad6», ACO6C3E T, CTTE & TRTTATTAT 140360.

OaéTee, e * a8y 6563 20, 1T eTa 1T 6 ¢ AAB%Y 1% ¢? CA36UBAT TV
4T303% OTCOVAG caBUBOPOURY OTALIE Té «&%ETAT» @ads 0a 4806C36-
T, (T2046%A1T:) cTie.

E5%T OUTAT, ¢3 CIAT@ATTYT TOTA0L0LATTOE
0B0ATI 308THOR) ¢OTHOAPOU ¢
0a 66360 TR0 TTARD6 13,

A 0248635 3 Ta de. 8 TORAM0AAGATT STCTTA% 1385T0Add4THOR 4
TTAAO0 TAATT 6 @ad® 8386° 40 GAATT ¢ 0ef. 7.

PAaco&ioade 13BYTTy oTAtIeTe, 1%@5T0ARBATHOE 0& 666U TTHOS
«A3TAT @Ad6», 4 0aéTae Adee+eTe @AdN0ATH0S TTARDO T (OACE3A ¢
85867 40 36y ACTOOAAT TV 180TATT A2E GARAATT AT 0a4é. 6.

T2 5eA0TEa0 9-12 TTEACATT cadde ITHoS OTACIE Te CT30TATTAT Za-
36 (3) 03 1°65TOAGATHOE (4) «43ETAT» @Ad6 A% ATA0A% STCOVAS oa
OB0ATI3H08THOE ca AcTOGAAT Iy 1AOTATI AZE 8386°40 48y TayaiT;
086 TTETES, (Befi. 9) 3 TABLTAT (5&fi. 10), ADGATAT (3&f. 11) 3 OBAOUTAT
(B3&f. 12) 433%y T0°A TAOTAGAT 1.

1oTa0éoeaimioe A2E (caseliaaiiyi

~ 0 = ~un ~\ A Q

a-ai 1y 13€8T103a04Thoe, oadioéTioe

OAAEEOR 5. Pagoéiivaoe apaTiaode+iT, ataésce 1T7add013386 @adsa éde-
0340, 1086068 YEEd T8aan0aacaiT fa def. 7.

TABLE 5. Results of durometric analysis of the surface layers of steel 40,
structures of which are presented in Fig. 7.

ATa0a%y DTCTTA% 1%@5T02304T10& H, 6 TTA408 184110 s
3TcdYAE0, VT 133° TT46€484T Ty 3¢ 80TETT 130y 11y 630 181
A= | 30 [60] 90| 120 | 150 [180|210]240]270]|300]340]390
Tadweé 838310
0,13 7100 65405860 5250 4520 3800279019001700
0,52 9980 93208610 7360 6330 522041703240221017001700
3,4 1008096609140 8250 7050 5750481037802520200017001700
Asoaee aad%yio
0,13 7130 65505790 5350 4630 40202850200017001700
0,52 9990 92308450 7350 6500 550043003250223017001700
3,4 1010097509250 8400 7110 5770472037302650210017001700
03303 4483y 10
0,13 7140 53404320 3640 2750 2400200017501700
0,52 1001093608560 7480 6000 500040003240230017001700

3,4 1011097909050 7900 7010 5600456038502800230017001700
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Fig. 8. Distribution of microhardness along the depth of the surface layer of
steel 40 sample after nitriding by the ESA method, where a, 4, a are the first,
second, and third variants of changing productivity of the ESA process. In the
graph: 1, 2, and 3—ESA at discharge energies Ws=0.13, 0.52, and 3.4 J, re-
spectively.
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TABLE 6. Quality parameters of nitrided layers obtained by the ESA method
on steel 40 samples.

8 - R S = (ﬁ
<L (@4 [ (= — - @ (S
g é 3 :: - 1 3é8104484a3000, 1 1a :_ Sma
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S| 8 | 28 | C8 | e aaamie | @ | 28
& N & 0'g «a%\ 1ar» méz@f@l (A Q 2 8
‘;@ .(*5 © Eg @ad0 ¢rie e %
oL - O @ Z
2 76]p+a 040 TTET1A%y
0,13 1,7 1,7 155 6650 4350 0,9 85
0,52 0,8 0,8 165 9850 4550 1,3 90
3,40 0,5 0,5 230 9910 4870 5,9 95
Tédozeé 4a8%y 10
0,13 0,3 3,3 170 7100 4500 1,0 90
0,52 0,6 1,7 180 9980 4570 1,4 95
3,40 1,0 1,0 245 10080 4970 6,1 100
Adodeé aas3y 1o
0,13 0,2 5,0 180 7130 4540 1,1 100
0,52 0,3 3,3 190 9990 4630 1,4 100
3,40 0,5 2,0 255 10100 4980 6,0 100
0880% 233310
0,13 0,1 10,0 185 7140 4540 1,0 100
0,52 0,2 5,0 195 10010 4590 1,4 100

3,40 0,3 3,3 260 10110 4920 6,2 100
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Fig. 9. Dependences of the thickness of the strengthened layer (a) and the mi-
crohardness (&) of the ‘white’ layer on the discharge energy and labour inten-
sity during nitriding by the ESA method of steel 40 for the available technol-

ogy.
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Fig. 10. Dependences of the thickness of the strengthened layer (&) and the
microhardness (&) of the ‘white’ layer on the discharge energy and labour in-

tensity during nitriding by the ESA method of steel 40 for the 1% processing
variant.
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Fig. 11. Dependences of the thickness of the strengthened layer (&) and the
microhardness (&) of the ‘white’ layer on the discharge energy and labour in-
tensity during nitriding by the ESA method of steel 40 for the 2" processing

variant.
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Fig. 12. Dependences of the thickness of the strengthened layer (&) and the
microhardness (&) of the ‘white’ layer on the discharge energy and labour in-
tensity during nitriding by the ESA method of steel 40 for the 3 processing
variant.
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Evaluation of the Stress—Strain State of the Wire during
the Developed Thermomechanical Processing

I. E. Volokitina, E. A. Panin, and T. D. Fedorova

Karaganda Industrial University,
30 Republic Ave.,
KZ-101400 Temirtau, Republic of Kazakhstan

This work considers the results of modelling the stress—strain state of the
wire in the implementation of a new thermomechanical processing technolo-
gy, which is a combined process of drawing and continuous cooling in a spe-
cial chamber using liquid nitrogen. The absence of heating to ambient tem-
perature causes an increase in the level of equivalent stress by 5-10%. An
increase in the deformation rate causes a decrease in the stress level due to an
increase in deformation heating. The development of cross-sectional strain
occurs unevenly, the surface receives a higher level of strain. As the number
of passes increases, this difference increases due to the cumulative nature of
the equivalent strain.

Key words: modelling, steel, wire, drawing, cryogenic cooling, stress—strain
state.
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1. INTRODUCTION

As the basis for creating a variety of materials, metals have unique
properties that directly depend on their internal structure. This de-
pendence is key factor to understanding how to create materials with
specified characteristics.

Thanks to the development of technology, it is possible to create ma-
terials with unique properties that meet the increasingly complex re-
guirements of modern industry [1-5]. One of the most important ways
to increase the strength and wear resistance of metals is to reduce the
grain size in their structure. The smaller the grain, the more difficult
it is for dislocations to move, which increases the deformation re-
sistance. Therefore, reducing the grain size makes the material more
resistant to deformation and destruction; they withstand repeated
loads better, and resist corrosion better, which prolongs their service
life in aggressive environments [6-8].

Methods of severe plastic deformation (SPD) make it possible to ob-
tain ultrafine-grained and nanomaterials with unique properties
[9-15]. Such SPD methods, as high-speed stamping, extrusion and
rolling, have a number of advantages, allowing you to obtain materials
with unique properties and characteristics. However, along with this,
they also have their drawbacks, which must be taken into account when
applying them.

One of the key disadvantages is the discreteness of the processes.
Unlike traditional processing methods, where deformation occurs con-
tinuously, severe deformation methods involve a series of individual
pulses or cycles [16-18]. This can lead to an uneven distribution of
strain over the workpiece volume, as well as to the occurrence of mi-
crocracks and other defects. The heterogeneity of the microstructure
may also be related to the peculiarities of the deformation process.
Crystal lattice defects such as dislocations, vacancies, and interstitial
atoms can form in areas of intense deformation. These defects, in turn,
can affect the strength, ductility and fatigue strength of the material.

Another significant disadvantage is the complexity and wear of the
tool. The tool used for severe plastic deformation must be made of
high-strength and wear-resistant materials capable of withstanding
high loads and temperatures. This significantly complicates the manu-



EVALUATION OF THE STRESS—-STRAIN STATE OF THE WIRE 1103

facturing process and increases its cost. In addition, the tool is subject
to intense wear and tear, requiring regular replacement or restoration.

In general, methods of severe plastic deformation are a powerful
tool for obtaining materials with unique properties. However, it is nec-
essary to carefully analyse all their advantages and disadvantages, as
well as optimize the technological process in order to minimize the
negative impact of these disadvantages.

Cryogenic cooling is another direction that grinds the microstruc-
ture of metal [19-21]. This is an effective method for producing mate-
rials with a fine-grained structure and improved mechanical proper-
ties. The essence of the method is to cool the material to extremely low
temperatures, usually to -196°C (liquid nitrogen temperature), which
leads to a significant slowdown in diffusion processes in the metal.

During cryogenic cooling, metal atoms become less mobile, which
prevents their rearrangement and the formation of large grains. As a
result, the structure of the material becomes more fine-grained, which
leads to an increase in its strength, hardness and wear resistance.

The use of cryogenic cooling in combination with thermomechanical
treatment makes it possible to achieve results, which are even more
impressive. Thermomechanical processing involves a combination of
deformation and thermal action, which allows you to control the struc-
ture and properties of the material at the micro level. At the same
time, cryogenic cooling after thermomechanical treatment makes it
possible to ‘freeze’ the structure obtained as a result of deformation.
This leads to the preservation of a fine-grained structure and an in-
crease in the strength of the material.

In the case of wire, cryogenic cooling can be used to increase its
strength, hardness and wear resistance, which makes it more resistant
to bending, stretching and wear. This is especially important in cases
where the wire is used in conditions of high loads and aggressive envi-
ronments. Therefore, we propose to carry out cryogenic cooling of the
wire immediately after heating it in the fibre in order to ‘freeze’ the
structure obtained as a result of deformation.

It is important to note that cryogenic cooling is a technology that
requires special equipment and knowledge. Cryogenic cooling is based
on cooling the material to ultra-low temperatures (below -150°C),
which leads to a change in its microstructure and, as a result, to a
change in physical and mechanical properties. Improper use of such
technology can lead to unpredictable consequences: from damage to the
material to equipment failure. Therefore, before using cryogenic cool-
ing, it is necessary to study carefully the characteristics of the materi-
al and the rules of its processing.

At the initial stage, it is recommended to simulate a new thermome-
chanical treatment in a special ‘Deform’ software package. It allows
visualizing the cooling process and analysing possible risks and chang-
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es in the structure of the material. This will minimize the risks and get
the most out of cryogenic cooling.

The ‘Deform’ program uses the finite element method to simulate com-
plex physical processes, including heat transfer, deformation, and phase
change. It allows taking into account the influence of various parameters
such as temperature, pressure, cooling rate and holding time [22-25].

Therefore, the novelty of this article is the modelling of a new ther-
momechanical treatment of steel wire to determine the optimal cryogen-
ic cooling modes, which will maximize the efficiency of this technology.

2. EXPERIMENTAL

The developed technology of thermomechanical wire processing is a com-
bined process of wire drawing and continuous cooling in a special chamber
using liquid nitrogen. This chamber is located in the rolling line directly
behind the drawing machine. When the drawing machine reaches the op-
erating speed, the chamber is filled with liquid nitrogen. The degree of
compression is 5-7%. This means that in the first pass the steel is de-
formed from 6 mm to 5.6 mm, in the second pass—from 5.6 mm to
5.3 mm, in the third—from 5.3 mm to 5 mm. In addition, it was decided to
consider the possibility of drawing thicker wire with a diameter of 9 mm.
Here, the workpiece was stretched to 8.2 mm, from 8.2mm to 7.5mm in
the second pass and from 7.5 mm to 7 mm in the third pass.

The simulation was carried out at two deformation speeds:
500 mm/s and 1000 mm/s. Accordingly, it was assumed that any wire
section is in liquid nitrogen for a certain amount of time: 1 s at a speed
of 500 mm/s and 0.5 s at a speed of 1000 mm/s. As a result, the work-
piece after such a short-term treatment with liquid nitrogen will have a
significant temperature gradient across the cross section, which will
lead to an uneven distribution of mechanical properties. In the first var-
iant, after each treatment with liquid nitrogen, the workpiece was heat-
ed to 20°Cinair. In the second variant, this heating was not carried out.

The assessment of the stress—strain state during the deformation
process is a key task of theoretical research. The analysis of the strain
state allows assessing the overall level of metal processing at any point
of the workpiece. Stress analysis makes it possible to assess the stress-
es that arise, to determine the zones where the tensile strength is ex-
ceeded (these zones are places of potential defect formation).

When studying the strain state during drawing, an indicator of the
intensity of strain (equivalent strain) is usually considered. This re-
flects the overall level of metal processing. The study of the stress state
during drawing involves determining the conditions under which the
resulting level of equivalent stresses will be less than the tensile strength
of the material. Otherwise, it will be inevitable that the wire will break in
the area between the drawing die and the pulling mechanism.
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3. RESULTS AND DISCUSSION

Figures 1, 2 show pictures of equivalent stresses for drawing models of
both workpieces at 500 mm/s with the workpiece heated to 20°C.

Using the local scale display, it is possible to see the minimum and
maximum of the parameter at the selected calculation step. Since in
these models the properties of the material at each stage of drawing
correspond well to the nomogram of the tensile strength of AISI-316
steel, it was decided to compare the obtained values of the maximum
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Fig. 1. Equivalent stresses in a model of drawing from 6 mm to 5mm at a
speed of 500 mm/s while heating the workpiece to 20°C after each pass.
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Fig. 2. Equivalent stresses in the drawing model from 9mm to 7mm at
500 mm/s with the workpiece heated to 20°C after each pass.
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TABLE 1. Stress state parameters in models with workpiece heating up to 20°C.

Drawing a workpiece with a diameter of 6 mm

PassNo. | Do,mm | Di,mm |TSo, MPa|TS:, MPa Gi‘jlvlj‘go’ GEI(\D/\III;(;)O’
1 6 5.6 862 1038 758 744
2 5.6 5.3 1038 1156 867 853
3 5.3 5 1156 1284 959 946

Drawing a workpiece with a diameter of 9 mm

PassNo. | Do,mm | Di,mm |TSo, MPa|TS:, MPa Gi‘jlvlj‘go’ GEI‘\?/‘I’S‘;)O’
1 9 8.2 862 1080 786 772
2 8.2 7.5 1080 1284 904 886
3 7.5 7 1284 1420 999 974

equivalent stresses with the values of the tensile strength. Table 1
shows the summary values of these parameters from models with both
drawing speeds.

As can be seen in Table 1, in all passes for each wire size, the value of
equivalent stresses does not exceed the lower limit of the tensile
strength. This allows concluding that the deformation process is stable
without the danger of wire rupture. This approach to stress assessment
in the presence of a strength limit nomogram corresponding to the
specified conditions is an effective way to predict the possible for-
mation of defects, the modelling of which seems to be quite a difficult
task in terms of the accuracy of the results obtained. It can be seen
from the data obtained that an increase in the deformation speed, lead-
ing to an increase in the level of deformation heating, causes a decrease
in the level of equivalent stresses. At the same time, it should be noted
that, despite the twofold increase in the drawing speed, the decrease in
the stress level is insignificant. In all cases, the stress values were de-
creased by about 1-3%.

A comparison of models without preheating the workpiece is shown
in Table 2. As shown by the study of temperature fields, the absence of
heating to ambient temperature leads to an increase in the temperature
gradient in the workpiece section, which ultimately causes an increase
in the level of equivalent stresses by about 5-10%. At the same time,
there is also no crossing of the lower limit of the tensile strength.

Analysing the strain state, it should be noted that any parameter of
the strain state is accumulative, and their values depend on the geo-
metric parameters. Accordingly, the point estimation method previ-
ously used to estimate temperature is suitable for their assessment.
Figure 3 shows graphs of the accumulation of equivalent strain for
both thicknesses of workpieces. Measurements were carried out on the
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TABLE 2. Stress state parameters in models without preheating the workpiece.

Drawing a workpiece with a diameter of 6 mm

PassNo. | Do,mm | Di,mm | TSo, MPa | TS:, MPa Gi‘jlvlj‘go’ GEI(\D/\III;(;)O’
1 6 5.6 862 1038 758 744
2 5.6 5.3 1038 1156 956 932
3 5.3 5 1156 1284 1018 1003

Drawing a workpiece with a diameter of 9 mm

PassNo. | Do,mm | Di,mm | TSo, MPa | TS:, MPa Gi‘jlvlj‘go’ GEI(\D/\III;(;)O’
1 9 8.2 862 1080 786 772
2 8.2 7.5 1080 1284 1010 944
3 7.5 7 1284 1420 1044 1022

surface (point1) and on the axis of the workpiece (point2). Both
graphs have an identical appearance, consisting of three stages that
characterize the drawing stages. The horizontal sections correspond to
the cooling stages in liquid nitrogen.

Taking into account the fact that sufficiently high drawing speeds
are used in modelling, planes with specified points pass through the
deformation zone almost instantly. This leads to the fact that these
sections of the graphs have a vertical appearance. It should be noted
that the overall level of strain is higher when using a 9 mm thick blank.
However, this is a consequence of the fact that when deformed, it re-
ceives a higher level of total compression (39.5% versus 30.55% for a
workpiece with a thickness of 6 mm).
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Fig. 3. Graphs of equivalent strain: drawing model from 6 mm to 5m (a);
drawing model from 9 mm to 7 mm (b).
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4. CONCLUSION

The paper considers the results of modelling the stress—strain state of
the wire in the implementation of a new thermomechanical processing
technology, which is a combined process of drawing and continuous
cooling in a special chamber using liquid nitrogen. A comparison of the
values in models with and without workpiece heating showed that the
absence of heating to room temperature causes an increase in the level
of equivalent stresses by about 5-10%. At the same time, in both mod-
els, an increase in the deformation speed causes a decrease in the stress
level due to an increase in deformation heating. The development of
cross-sectional strain occurs unevenly, the surface receives a higher
level of strain. In both models, an increase in the difference between
the levels of strain on the surface and in the centre was recorded with
an increase in the number of passes, which is explained by the fact that
equivalent strain is a parameter of a cumulative (accumulated) nature.

This research is funded by the Science Committee of the Ministry of
Science and Higher Education of the Republic of Kazakhstan (Grant
No. AP19576369).
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Microstructure, Phase Evolution, and Mechanical Properties of
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CoCrNi alloys are a new family of high-performance alloys, which have found
use in a variety of applications, including automotive, aerospace, and bio-
medical industries. The alloys can be manufactured by different processes,
and they offer excellent properties such as high strength, good ductility,
biocompatibility, and corrosion resistance. This article discusses the manu-
facturing route, phase evolution, and mechanical properties of medium-
entropy CrCoNi-based alloys processed by means of powder-metallurgy tech-
niques. Some of the main results obtained indicate that there is the presence
of a Co—Cr—Ni solid solution and a mixture of f.c.c. and b.c.c. structures in
the alloy. The microstructure is homogeneous with equiaxial grains and con-
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tains a mixture of phases due to the alloying elements. The alloy presents
high mechanical strengths with good strain values. The presence of different
phases, between them a Co—Cr—Ni solid solution and Co—Ni one with dissimi-
lar crystalline structures, is the cause of the high entropy of the alloy and,
consequently, of its good mechanical characteristics.

Key words: Co—Cr—Ni alloy, medium entropy alloys, solid solutions, f.c.c.
and b.c.c. structures, mechanical properties.
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1. INTRODUCTION

High-entropy alloys (HEAS) or multicomponent alloys are made up of
several main elements (more than five), which generally have an
equiatomic or close to equiatomic composition. Cantor and Yeh first
reported in 2004 on this type of alloys working separately [1, 2]. All
alloys in use today, contain a high proportion of one element with mi-
nor amounts of additional elements added, but HEAs are made of an
equal mixture of each constituent element. These balanced atomic
compositions appear to give some of these materials an extraordinarily
high combination of strength and ductility when subjected to stress,
which together form what is called ‘toughness’. The composition of
these new alloys theoretically provides practically limitless possibili-
ties for the design of the composition and optimization of alloy proper-
ties. Due to the high entropy of their structure, HEAs are recognized
to present larger physical, chemical, and mechanical properties com-
pared to conventional alloys, including exceptional thermal stability,
corrosion resistance and, high fracture toughness [3—8]. Even some of
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the alloys developed have excellent magnetic properties [9, 10]. Thus,
HEAs have been a hot field of research since they were first developed
just over 20 years ago. However, several authors have reported that
HEAs are multiphase alloys [11-14], which causes their entropy to be
not so high. Moreover, only a few of the many HEAs until now studied
are single-phase solid solutions. Thus, the number of components of
the alloy is not most important factor, and the chemical nature of the
components must be critically studied. Given this situation, about 10
years ago, medium entropy alloys (MEAS) began to be developed, which
are made up of 3 elements added as in HEAs in equiatomic quantities or
close to them, with the idea of obtaining in these alloys a single-phase
solid solution with the 3 alloying elements. Among the medium entro-
py alloys studied, it is found that the CrCoNi alloys are a family of
high-performance alloys that have found use in a diversity of applica-
tions, including aerospace, biomedical, and automotive industries. The
alloys are formed by combining chromium, cobalt, and nickel, and they
offer excellent properties such as high strength, ductility, biocompati-
bility, and corrosion resistance. For these reasons, this alloy has been
extensively studied, trying to understand the mechanisms of seeking
to explain the reasons for its high properties [15—18]. Likewise, Zhang
et al. [19] studied the short-range order and exposed that it plays an
important role in lowering the electrical and thermal conductivities in
the alloy. Other researchers have conducted studies that include grain
refinement [20], heterogeneous structure [21], and the effect of alloy-
ing elements [22—25], oriented to determine the relationships between
strength and ductility. Finally, oxidation resistance and biocompati-
bility have also been explored [26]. In summary, it has been established
that MEAs possess excellent microstructures and properties, which
can be compared with or even better than those of HEAs can. There-
fore, its study is of great interest. The objective of this work is to pro-
duce by powder metallurgy the CrCoNi equiatomic alloy and to study
the mechanical and microstructural response of the alloy subjected to
different heat treatments).

2. MATERIALS AND METHODS

Elemental powders of Cr, Co, and Ni with purity greater than 99% and
sizes of =325 mesh, in equiatomic proportions, were mechanically pro-
cessed in a high-energy planetary mill (Retsch, PM 100, Germany). The
grinding parameters used in the mixture were as follows: dry grinding
for 6 hours at 300 rpm, using methyl alcohol as a control agent, and
managing a ball weight to powder weight ratio of 10:1. Once the pow-
ders were ground, they were pressed to form cylindrical pellets with an
average diameter and height of 10 mm and 3 mm respectively, using a
tool grade steel die. Compaction of these samples was carried out at
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room temperature by uniaxial pressing using a pressure of 300 kg/cm?
in a hydraulic press (Montequipo, LAB-30T, Mexico). Afterward, all
the pellets were sintered in an electric furnace (Carbolite RHF 17/3E,
England) at 1400°C for 2 h, with a heating rate of 10°C/min. The fur-
nace was set up with a protective argon atmosphere to prevent oxida-
tion of the metals. In order to determine the effect of different anneal-
ing heat treatments on the mechanical properties of the alloy, 3 heat
treatments were carried out at 300, 400, and 500°C for 1 hour each, on
the already sintered samples. After the grinding stage, the particle size
distribution and the specific surface area were determined using a Mas-
tersizer 2000 equipment of English origin. Before characterization of
the sintered samples, they were ground with SiC sandpaper and then
polished using alumina and diamond suspensions. Crystalline phases of
sintered alloys were determined using x-ray diffraction analysis (XRD)
under CuKq radiation, performed on X’Pert PRO PANalytical and in-
terpreted with the X’Pert Highscore Plus PANalytical software using
patterns in the ICDD PDF2 database. Meanwhile, scanning electron
microscopy (SEM) and an energy dispersion spectrometer detector
(EDS) on a HITACHI SU3500 microscope analysed the obtained micro-
structure. Microstructure after annealing treatments was analysed by
optical microscopy (Nikon 2000 plus, Japan). Finally, the study sam-
ples were characterized to determine the mechanical properties. The
mechanical properties evaluated were as follows: The ultrasonic method
determined Young’s modulus, following ASTM standards [27], using
Grindosonic A-360 Japanese manufacturing equipment. Microhard-
ness was evaluated in agreement with the ASTM E384-16 standard
[28]. In this case, twelve measurements were performed at different
sample locations and the average value of the indentations is reported;
these measurements were performed with a microhardness tester (Wil-
son Instruments Model S400, USA). The compressive strength was
evaluated at a Universal Material Tester WP 300 Gunt, German).

3. RESULTS AND DISCUSSION
3.1. Particle Size

Figure 1 shows the distribution of particle sizes obtained after powder
grinding. This figure shows a good distribution of powder, with sizes
ranging from 5 microns to approximately 17 microns. Results show
that 50% of the powders are smaller than 9.5 microns, while 25% of
them are smaller than 8 microns. This distribution of powder sizes can
be considered well because, during the powder compaction stage, it will
be feasible to arrange the powders in such a way that the spaces left by
the larger powders will be occupied by the smaller ones, thus causing a
high number of contacts between the powders and a higher densifica-
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Fig. 1. Particle size distribution of the grinded mixture.

tion of the green sample. These two conditions will favour the densifi-
cation of the sample during the sintering stage.

3.2. Phase Analysis

The x-ray diffraction pattern from metallic components present in the
sintered sample is shown in Fig. 2. In this diffraction pattern, it can be
observed at angles 2 theta of 43.3°, 54.1°, and 74.4° that some solid
solution phases have formed due to the combination of the 3 elements
of the alloy (Co, Cr, and Ni). In agreement with that reported by Guo et
al. [29], the crystal structure in the peaks where the 3 metals of the
alloy were mixed corresponds to a cubic structure centred on the faces.
Also, atangles of 57.7°, it can be observed that another phase is formed
between Ni and Co. Owing to this, there is the presence of a mixture of
face-centred cubic (f.c.c.) by the presence of Ni and body-centred cubic
(b.c.c.) crystalline structures in those regions where the Ni and Co
were combined. The pattern shows some peaks corresponding to the
original unmixed metals. This may be mainly due to the high melting
point of chromium as well as its larger atomic radius compared to the
other two metals nickel and cobalt. Hence, it is also understandable
why nickel and cobalt can be properly mixed to form a solid solution.
The mixture of these phases with different crystalline structures
states the high entropy of the alloy. In order to obtain a single solid
solution with a unique phase, it is recommended for future studies to
sinter samples at higher temperatures (1.500°C), to dissolve chromium
in the structure of the other 2 metals. Nevertheless, with the presence
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Fig. 2. X-ray diffraction patter of the sintered sample.

of different crystalline structures and two phases, it can be expected
that the alloy may have a good combination of mechanical properties
such as high hardness and elastic modulus combined with good me-
chanical strength and ductility.

3.3. Microstructure (SEM)

Figure 3 shows a scanning electron microscope photograph taken at
two different magnifications of a representative sample of the alloy
microstructure after sintering. Here, we can better observe the mor-
phology and size of the grains, which, is equiaxial with varied sizes.
The presence of very small pores in intergranular zones can also be ap-
preciated. From this figure, it can be commented that the alloy was
densified very well during the sintering stage, so a good mechanical
response could be expected from it.

Fig. 3. Microstructure of sintered sample observed with SEM.
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Fig. 4. Energy dispersive spectroscopy of x-rays analysis performed on the
sintered alloy.

3.4. Energy Dispersive Spectroscopy of X-Rays

To confirm the presence of the alloying elements, an energy dispersive
spectroscopy of x-ray analysis was performed on the sintered alloy.
The result of this analysis is shown in Fig. 4, where it can be observed
that the spectrum shows the presence of the three main components of
the alloy Co, Cr, and Ni. This confirms that the sample was not contam-
inated or oxidized during processing.

3.5. Mapping

Figure 5 shows a typical mapping of the elements in the alloy. This el-
emental analysis mapping shows that the sample exhibits that sintered
CoCrNi alloy possesses multiphase microstructures. In the figure, spa-
tial areas with a good distribution of alloying elements indicate the
formation of the entropy alloys sought here. From this analysis, it can
be determined that the microstructure of this alloy is composed of a Co,
Cr, and Ni solid solution (light areas), and a dark region composed of
dispersed nickel—cobalt phases. This composition confirms the obser-
vation made in the x-ray diffraction analysis.

3.6. Microstructure after Annealing (OM)

Figure 6 presents the microstructure observed by optical microscopy of
the annealing samples. In this image, it can be observed in all pictures
that microstructure is characterized by the presence of equiaxial
grains with a size distribution. Depending on the treatment tempera-
ture, grain coarsening is observed, which is greater at higher treat-
ment temperatures. The presence of grains larger than 20 microns is
observed in the sample annealed at 500°C, whereas, in the sintered
sample and that treated at 300°C, the grain size does not exceed 10 mi-
crons. This is indicative of the fact that high treatment temperatures
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Fig. 5. Mappings performed by energy dispersive x-ray spectroscopy on the
medium entropy alloy to verify the distribution of the alloy components.

Fig. 6. Microstructure of sintered and heat-treated samples observed with
optical microscope.

cause uncontrolled growth of the microstructure, which may affect its
mechanical behaviour.

Some porosity is observed in the samples, with small pores (less than
1 micron) for the sintered sample and bigger pores in the sample treat-
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ed at 500°C. The porosity in all samples is located mainly in intergran-
ular zones. Due to grain growth, it is not expected that samples treated
at elevated temperatures present the best mechanical properties be-
cause there are fewer barriers (grain boundaries) to prevent the ad-
vancement of cracks generated during stress application.

3.7. Mechanical Properties

For comparative purposes, the mechanical properties evaluated in the
alloy heat-treated at different temperatures are compared with those
of quenched and tempered AISI 4140 steel. AISI 1040 steel is a low al-
loy steel of the Cr—Mo series, which has high strength and hardenabil-
ity, good toughness, high creep resistance and long-lasting high-
temperature resistance. This steel has many uses in the aerospace, oil
and gas, and automotive industries. Typical uses are thin-walled pres-
sure vessels, forged gears and shafts, spindles, high-strength bolts,
and torsion bars [30].

3.7.1. Elastic Modulus

Figure 7 shows the values of the elastic modulus in the heat-treated
alloy. This figure initially shows a slight increase in the modulus of the
sample treated at 300°C compared to the control sample (untreated),
then at higher treatment temperatures, the elastic modulus decreases
considerably. This may be due to the coarsening of the microstructure
due to the treatment temperatures, where probably also with abnormal
grain growth, the porosity increased causing a loss of rigidity of the
alloy. The value of the elastic modulus of the AISI4140 steel is well
above the values of the Co—Cr—Ni alloy processed here. This is because
this steel was first manufactured by casting and then cold-deformed
and heat-treated; so, there was good control of the microstructure of
the steel at each stage of processing.

3.7.2. Hardness

Figure 7 also shows the microhardness values of the Co—Cr—Ni alloy.
The figure shows an analogous behaviour to the elastic modulus, with
an increase in the sample treated at 300°C and a considerable drop in
hardness at higher treatment temperatures. However, when compar-
ing the hardness values of the alloy treated at 300°C with those of the
AlSI14140 steel, a slightly higher hardness is observed in the alloy than
in the AIS14140 steel. This behaviour may be due to the mixture of
f.c.c. and b.c.c. crystal structures including the presence in small areas
of the compact hexagonal structure due to the chromium that did not
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Fig. 7. Elastic modulus and hardness of the Co—Cr—Ni alloy sintered, heat
treated and compared with those properties of A1S141440 steel.

dissolve in the alloy. Here the significant increase in the hardness of
the sample treated at 300°C compared to that of the control sample is
striking. Therefore, the treatment at this temperature probably fa-
voured the recrystallization and the relief of some stresses generated
during processing, such as the high mechanical deformation of the
metals during milling and later during compaction.

3.7.3.Yield and Compression Strength

Figure 8 shows the results of the yield and compressive strength of the
heat-treated Co—Cr—Ni alloy. Again, here, it is observed that the sam-
ple treated at 300°C has the highest values of yield and compression
strength from all tests, including those of AlIS14140 steel. It has been
found that high-temperature treatments at 400°C and 500°C result in
considerable degradation of the alloys’ strength, even dropping below
that of the simply sintered sample. As mentioned above, this may be
due to the coarsening of the microstructure at these high treatment
temperatures. Regarding the higher strength of the alloy compared to
AIS14140 steel, the reason is due to the solid solution formed by the
alloy elements, the mixture of phases and the combination of crystal-
line structures, which causes higher entropy and consequently a better
mechanical behaviour due to the different sliding systems that are pre-
sent in the alloy.

3.7.4. Ductility

Figure 9 shows the ductility of the Co—Cr—Ni alloy and that of Al-



MICROSTRUCTURE, PHASE EVOLUTION, AND MECHANICAL PROPERTIES OF CoCrNi 1121

1200
500
~1000 E
‘= 400
& 2
s 1800 =
2 o
2 300 5
B =
17] 600 @«
o o
S 2004 2
> &
4 =400 =
=
100 g
&)
T T T T T 200
Control 300 400 500 AISI-4140

Sample

Fig. 8. Yield and compressive strength of the sintered alloy, annealed alloy
and compared with those properties of AlS141440 steel.
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Fig. 9. Ductility of the Co—Cr—Ni alloy and of AlS14140 steel during mechani-
cal compression tests.

S141440 steel during mechanical compression tests. As expected, an
alloy obtained by powder metallurgy will not exhibit considerable duc-
tility values, due to the nature of its microstructure formation, which
was obtained through the union of powders. This figure shows similar
ductility values between the control sample and the heat-treated sam-
ples, which range from approximately 4 to 5%.

While the ductility of AlISI steel is more than 100% compared to the
ductility of the Co—Cr—Ni alloy, reaching values are slightly higher
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than 10%.

This demonstrates the good characteristic of steel that it can com-
bine a number of mechanical properties, significantly improving one
without decreasing others. However, having compared the mechanical
properties of the alloy manufactured here with those of AlISI steel and
observing that in some of them the mechanical properties of the Co—
Cr—Ni alloy are superior to those of steel, it is indicative that this new
alloy has great potential to replace steel in some applications.

4. CONCLUSIONS

The powder metallurgy process has proved to be an effective, cheap,
and easy experimental route for the manufacture of medium entropy
alloys. Since mechanical milling makes finer particle size and lattice
distortion, both conditions facilitate metal bonding in the solid state.
Likewise, sintering promotes metal diffusion and, consequently, their
solubility and sample consolidation.

Based on XRD studies, it was determined the formation of a mixture
of crystalline structures composed of f.c.c. and b.c.c. ones, as well as,
the formation of Ni—Cr—Co and Ni—Co solid solution phases.

In order to obtain a single solid solution with a unique phase, it is
recommended for future studies to sinter samples at higher tempera-
tures (1500°C) to dissolve chromium in the structure of the other 2
metals.

The MEA alloy that achieved the better mechanical behaviour is the
sample annealed at 300°C, whereas, heat treatment at highest temper-
atures than 400°C provokes decrement of the mechanical properties of
the alloy. The better mechanical properties of the Co—Cr—Ni alloy heat
treated at 300°C are due to the mixture of crystalline structures, the
formation of solid solutions in the alloy, and recrystallization during
the heat treatment.
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