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negative voltage on the substrate US = −70 V and a decrease in АЕmedium 

by 14.8% at the constant negative voltage on the substrate US = −200 V, 
as can be seen in Fig. 3, b; 
 • a decrease in the median value АЕmedian by 9.8% (from 0.0532 V 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 = −70 V and −200 V, respectively, as 

can be seen in Table 4; 
 • a decrease in the mode value АЕmoda by 0.42% and 3.5% at the con-
stant negative voltage on the substrate US = −70 V and −200 V, respec-
tively, as can be seen in Table 4; 
 • a decrease in the value NAE by 44.2% and 46.5% at the constant 

negative voltage on the substrate US = −70 V and −200 V, respectively, 
as can be seen in Fig. 3, c; 
 • an increase in the value SUMAE by 93.8% at the constant negative 

voltage on the substrate US = −70 V and a decrease in the value SUMAE 

by 13% at the constant negative voltage on the substrate US = −200 V, 

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 

  
a b 

  
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 (a); AEmedium (b); NAE (c); 

SUMAE (d). 
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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 Н). 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 hCrN = 17 nm, hNbN = 50 nm) also affects the studied 

parameters. 

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

Table 5 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 AEmedium, the median AEmedian, the mode AEmoda, the 

number of pulses NAE, the root mean square deviation RMSD(NAE), 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 СrN/NbN coatings for the full time of 

research (T = 50.08 s). 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 PN in the vacuum 

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

 
АЕmax, 

V 
АЕmedium, 

V 
АЕmedian, 

V 
АЕmoda, 

V NAE RMSD(NAE) 
SUMAE, 

V 
hscratch, 

µm 

Sample 8.5 0.252 0.0615 0.0414 1079 88.3 506 347.3 

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

No. 
sample 

АЕmax, 
V 

АЕmedium, 
V 

АЕmedian, 
V 

АЕmoda, 
V NAE RMSD(NAE) 

SUMAE, 
V 

hscratch, 

µm 

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 
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chamber (line 1PN = 0.27 Pa, line 2PN = 0.08 Pa). 
 Increasing the constant negative voltage on the substrate US from 

−70 to −200 V leads to: 
 - a decrease in the maximum value АЕmax by 74.5% at the nitrogen 

pressure РN = 0.27 Pa and an increase in АЕmax by 32.8% at the nitrogen 

pressure РN = 0.08 Pa, as can be seen in Fig. 4, a; 
 - a decrease in the average value АЕmedium by 57% at the nitrogen 

pressure РN = 0.27 Pa and an increase in АЕmedium by 161.5% at the ni-
trogen pressure РN = 0.08 Pa, as can be seen in Fig. 4, b; 
 - an increase in the median value АЕmedian by 6% and 7% at the nitro-
gen pressure РN = 0.27 Pa and 0.08 Pa, respectively, as can be seen in 

Table 6; 
 - a decrease in the mode value АЕmoda by 0.4% and 9.3% at the nitro-
gen pressure РN = 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 

РN = 0.27 Pa and a decrease in NAE by 3.3% at the nitrogen pressure 

РN = 0.08 Pa, as can be seen in Fig. 4, c; 
 - a decrease in the value RMSD(NAE) by 10 times at the nitrogen 

pressure РN = 0.27 Pa and an increase in RMSD(NAE) by 2 times at the 

  
a b 

  
c d 

Fig. 4. Graphs of acoustic emission parameters’ dependence of multilayer 

CrN/NbN 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). 
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nitrogen pressure РN = 0.08 Pa, as can be seen in Table 6; 
 - a decrease in the value SUMAE by 57% at the nitrogen pressure 

РN = 0.27 Pa and an increase in SUMAE by 161.5% at the nitrogen pres-
sure РN = 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 РN at constant negative voltage on the sub-
strate US (line 1US = −70 V, line 2US = −200 V). 
 Increasing in the nitrogen pressure РN in the vacuum chamber from 

0.08 to 0.27 Pa leads to: 
 - an increase in the maximum value АЕmax by 1.8% at the constant 

negative voltage on the substrate US = −70 V and a decrease in АЕmax by 

80.4% at the voltage US = −200 V, as can be seen in Fig. 5, a; 
 - an increase in the average value АЕmedium by 37% at the constant 

negative voltage on the substrate US = −70 V and a decrease in АЕmedium 

by 77.5% at the voltage US = −200 V, as can be seen in Fig. 5, b; 
 - a decrease in the median value АЕmedian by 28.6% and 29.4% at the 

constant negative voltage on the substrate US = −70 V and −200 V, re-
spectively, as can be seen in Table 6; 

  
a b 

  
c d 

Fig. 5. Graphs of acoustic emission parameters’ dependence of multilayer 

CrN/NbN coatings and the substrate on the deposition technological parame-
ter PN at the constant negative voltage on the substrate US: AEmax (a); AEmedium 

(b); NAE (c); SUMAE (d). 
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 - a decrease in the mode value АЕmoda by 20% and 12% at the constant 

negative voltage on the substrate US = −70 V and −200 V, respectively, 
as can be seen in Table 6; 
 - a decrease in the value NAE by 32.3% and 15% at the constant nega-
tive voltage on the substrate US = −70 V and −200 V, respectively, as 

can be seen in Fig. 5, c; 
- an increase in the value RMSD(NAE) by 5.3 times at the constant nega-
tive voltage on the substrate US = −70 V and a decrease in RMSD(NAE) 

by 3.8 times at the voltage US = −200 V, 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 = −70 V 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 РN affects the parameter AEmoda the most. The in-
crease in РN 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 = −70 V and 

РN = 0.08 Pa, and sample No. 3technological parameters of deposi-
tion US = −70 V and РN = 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 PN) was investigated. This study characterizes 

the multilayer CrN/NbN coating with 270 layers (135 bilayers), bi-
layer thickness hb = 67 nm. 
 The obtained research results can be summarized in the form of the 

following conclusions: 
1. The change trend of the parameter AEmax 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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US = −200 V 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 = −70 V, when AEmedium 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 

 
a 

 
b 

 
c 

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. 
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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 is 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 NAE 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 PN = 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 AEmedium 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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 Фізико-хемічна природа структуроутворення поверхневого шару 

за ЕІЛ зумовлює великі труднощі вибору технологічних параметрів 

процесу. Тому є наукова та практична доцільність у проведенні до-
сліджень впливу продуктивности ЕІЛ в більшому діяпазоні на па-
раметри якости сформованого поверхневого шару за використання 

компактних електрод-інструментів із застосуванням СТНС. 
 Таким чином, метою даної роботи є підвищення експлуатаційних 

показників деталів із криці шляхом удосконалення технології азо-
тування поверхонь із криці методом ЕІЛ з використанням СТНС за 

рахунок дослідження впливу на параметри якости поверхневих 

шарів трудомісткости процесу. 

2. МЕТОДИ ДОСЛІДЖЕННЯ 

Щоб оцінити вплив продуктивности на параметри якости одержа-
них покриттів, нами в подальших дослідженнях використовувала-
ся продуктивність приблизно у два, три та чотири рази менша, тоб-
то час оброблення τ одиниці площі (трудомісткість процесу ЕІЛ) 

збільшувався у два, три та чотири рази (табл. 2). 
 Враховуючи [52], кращі результати визначено за ЕІЛ алюмінійо-
вою електродою-інструментом і з Wр = 3,40 Дж; тому в подальших 

дослідженнях використовували зазначений режим оброблення. 
 Процес азотування методом ЕІЛ проводили наступним чином. 
Спочатку поверхню зразків із криць 20 і 40 розміром 15×15×8 мм 

леґували Алюмінієм на установці ЕІЛ моделю «Елітрон-52А» із 

енергією розряду Wр = 3,40 Дж за допомогою електроди-
інструменту з алюмінійового дроту ∅ 3,0 мм марки АД згідно з 

ГОСТ 14838-78. Потім на леґовану Алюмінієм поверхню наносили 

СТНС у вигляді пастоподібної суміші, приготовленої замішуванням 

≅ 90% порошку сечовини у вазеліні (10%), і, не чекаючи висихан-
ня, проводили ЕІЛ електродою-інструментом із криць 20 і 40 відпо-
відно для зразків з ідентичних матеріялів із Wр = 0,13, 0,52 й 3,40 

ТАБЛИЦЯ 2. Залежність продуктивности ЕІЛ від енергії розряду. 

TABLE 2. Dependence of ESA productivity on energy discharge. 

Енергія розряду Wр, Дж 0,13 0,52 3,4 

Продуктивність Q, 

см2/хв. 

перший варіянт ≅ 0,3 ≅ 0,6 ≅ 1,0 
другий варіянт ≅ 0,2 ≅ 0,3 ≅ 0,5 
третій варіянт ≅ 0,1 ≅ 0,2 ≅ 0,3 

Трудомісткість τ, 
хв./см2 

перший варіянт ≅ 3,3 ≅ 1,7 ≅ 1,0 
другий варіянт ≅ 5,0 ≅ 3,3 ≅ 2.0 
третій варіант ≅ 10,0 ≅ 5,0 ≅ 3,3 
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Дж і продуктивністю згідно з табл. 2. 
 Для проведення металографічних досліджень підготовлених зра-
зків використовували оптичний мікроскоп «Неофот-2», за допомо-

Перший варіянт 

   
а б в 

Другий варіянт 

   
г ґ д 

Третій варіянт 

   
е є ж 

Рис. 1. Мікроструктури поверхневого шару зразка криці 20 після азоту-
вання методом ЕІЛ з Wр = 0,13, 0,52 й 3,40 Дж і продуктивністю згідно з 

першим, другим і третім варіянтами відповідно до табл. 2. 

Fig. 1. Microstructures of the surface layer of steel 20 sample after nitriding 

by the ESA method with Wр = 0.13, 0.52 and 3.40 J and productivity, accord-
ing to the first, second, and third variants according to the Table 2. 
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гою якого оцінювали якість шару, його суцільність, товщину та бу-
дову зон підшару — дифузійної зони та зони термічного впливу. 
 Також проводили дюрометричну аналізу розподілу мікротвердо-
сти в поверхневому шарі та по глибині шліфу від поверхні. 
 Міряння мікротвердости проводили на мікротвердомірі ПМТ-3 

вдавлюванням алмазної піраміди під навантаженням у 0,05 Н згід-
но з ГОСТ 9450-76. 
 На всіх етапах оброблення вимірювали шерсткість поверхні на 

приладі профілограф-профілометер мод. 201 заводу «Калібр». Ре-
зультати фіксували за допомогою спеціяльної приставки. 

3. РЕЗУЛЬТАТИ ДОСЛІДЖЕННЯ 

На рисунку 1 показано мікроструктури поверхневого шару зразка 

криці 20 після азотування методом ЕІЛ з Wр = 0,13, 0,52 й 3,40 Дж і 
продуктивністю згідно з першим, другим і третім варіянтами від-
повідно до табл. 2. 
 Мікроструктурна аналіза показала, що покриття за усіх трьох 

варіянтів (див. табл. 2) складається з трьох ділянок — «білого ша-
ру», дифузійної зони й основного металу. Воднораз за використан-
ня кожного з варіянтів зі збільшенням енергії розряду збільшують-
ся товщини «білого» шару та дифузійної (перехідної) зони. 

ТАБЛИЦЯ 3. Результати дюрометричної аналізи поверхневих шарів кри-
ці 20. 

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

Енергія 

розряду, 
Дж 

Розподіл мікротвердости Hµ у поверхневому шарі  
по мірі поглиблення із кроком міряння у 30 мкм 

30 60 90 120 150 180 210 240 270 300 340 
Криця 20 

Перший варіянт 
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 
Другий варіянт 

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 
Третій варіянт 

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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 Крім цього, зі зменшенням продуктивности ЕІЛ збільшуються 

мікротвердість, шерсткість і суцільність поверхні. 
 У таблиці 3 та на рис. 2 представлено розподіл мікротвердости по 

мірі віддалення від поверхні вглиб криці 20 згідно з рис. 1. 
 Результати міряння товщини, мікротвердости та суцільности 

«білого шару», а й величини шерсткости поверхні зразків з криці 
20 після азотування методом ЕІЛ з використанням СТНС зведено до 

табл. 4. 
 На рисунках 3–6 показано залежності товщини зміцненого шару 

(а) і мікротвердости (б) «білого» шару від енергії розряду та трудо-
місткости за азотування методом ЕІЛ криці 20 для наявної техноло-
гії (рис. 3) і першого (рис. 4), другого (рис. 5) та третього (рис. 6) ва-
ріянтів оброблення. 

  
a b 

 
c 

Рис. 2. Розподіл мікротвердости по глибині шару поверхні зразка криці 20 

після азотування методом ЕІЛ, де а, б, в — перший, другий і третій варія-
нти зміни продуктивности відповідно. На графіку: 1, 2 і 3 — ЕІЛ за енер-
гій розряду Wр = 0,13, 0,52 і 3,4 Дж відповідно. 

Fig. 2. Distribution of microhardness along the depth of the surface layer of 

steel 20 sample after nitriding by the ESA method, where а, б, в are the first, 
second, and third variants of changing productivity, respectively. In the 

graph: 1, 2, and 3—ESA at discharge energies Wр = 0.13, 0.52, and 3.4 J, re-
spectively. 



1070 В. Б. ТАРЕЛЬНИК, О. П. ГАПОНОВА, Н. В. ТАРЕЛЬНИК та ін. 

 
 
 
 
 
 
 

 
 
 
 
 
 

ТАБЛИЦЯ 4. Параметри якости азотованих шарів, одержаних методом 

ЕІЛ, на зразках із криці 20. 

TABLE 4. Parameters of the quality of nitrided layers obtained by the ESA 

method on steel 20 samples. 
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«білого» 

шару 
перехідної 

зони 

Наявна технологія 
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 
3,40 2,0 0,5 225,0 9721 4870 6,5 90 

Перший варіянт 
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 

Другий варіянт 
0,13 0,2 5,0 172,5 6540 4810 1,1 100 
0,52 0,3 3,3 185,0 9890 5910 1,5 100 
3,40 0,5 2,0 250,0 9910 6420 6,3 100 

Третій варіянт 
0,13 0,1 10,0 177,5 6560 5350 1,0 100 
0,52 0,2 5,0 190,0 9900 6220 1,4 100 
3,40 0,3 3,3 255,0 9920 6520 6,2 100 
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а б 

Рис. 3. Залежності товщини зміцненого шару (а) та мікротвердости (б) «бі-
лого» шару від енергії розряду й трудомісткости за азотування методом 

ЕІЛ криці 20 за наявною технологією. 

Fig. 3. Dependences of the thickness of the strengthened layer (а) and the mi-
crohardness (б) 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. 

  
а б 

Рис. 4. Залежності товщини зміцненого шару (а) та мікротвердости (б) «бі-
лого» шару від енергії розряду й трудомісткости за азотування методом 

ЕІЛ криці 20 за першим варіянтом оброблення. 

Fig. 4. Dependences of the thickness of the strengthened layer (а) and the mi-
crohardness (б) of the ‘white’ layer on the discharge energy and labour inten-
sity during nitriding by the ESA method of steel 20 for the 1st

 processing var-
iant. 
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Рис. 5. Залежності товщини зміцненого шару (а) та мікротвердости (б) «бі-
лого» шару від енергії розряду й трудомісткости за азотування методом 

ЕІЛ криці 20 за другим варіянтом оброблення. 

Fig. 5. Dependences of the thickness of the strengthened layer (а) and the mi-
crohardness (б) of the ‘white’ layer on the discharge energy and labour inten-
sity during nitriding by the ESA method of steel 20 for the 2nd

 processing var-
iant. 

  
а б 

Рис. 6. Залежності товщини зміцненого шару (а) та мікротвердости (б) «бі-
лого» шару від енергії розряду й трудомісткости за азотування методом 

ЕІЛ криці 20 за третім варіянтом оброблення. 

Fig. 6. Dependences of the thickness of the strengthened layer (а) and the mi-
crohardness (б) of the ‘white’ layer on the discharge energy and labour inten-
sity during nitriding by the ESA method of steel 20 for the 3rd

 processing var-
iant. 
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 На рисунку 7 показано мікроструктури поверхневого шару зраз-

Перший варіянт 

   
а б в 

Другий варіянт 

   
г ґ д 

Третій варіянт 

   
е є ж 

Рис. 7. Мікроструктури азотованого поверхневого шару зразків криці 40 

за ЕІЛ електродою-інструментом із криці 40 з енергіями розряду: 
Wр = 0,13 (а, б, в), Wр = 0,52 (г, д, е) і Wр = 3,40 Дж (ж, з, і) та трудомісткіс-
тю згідно з табл. 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: Wр = 0.13 (а, б, в), Wр = 0.52 (г, д, е) and Wр = 3.40 J (ж, з, і) and labour 

intensity, according to the Table 2. 



1074 В. Б. ТАРЕЛЬНИК, О. П. ГАПОНОВА, Н. В. ТАРЕЛЬНИК та ін. 

ка криці 40 після азотування методом ЕІЛ за продуктивности згідно 

з першим, другим і третім варіянтами відповідно до табл. 2. 
 Аналіза мікроструктур показала, що, як і на рис. 1, поверхневий 

шар за усіх трьох варіянтів (див. табл. 2) складається з трьох діля-
нок — «білого шару», дифузійної зони й основного металу. 
 Також, як і для криці 20, по кожному з варіянтів зі збільшенням 

енергії розряду збільшуються товщини «білого» шару та дифузій-
ної (перехідної) зони. 
 Крім цього, зі зменшенням продуктивности ЕІЛ (збільшенням 

трудомісткости) зростають значення мікротвердости, шерсткости 

та суцільности поверхні. 
 В таблиці 5 і на рис. 8 представлено розподіл мікротвердости в 

поверхневому шарі криці 40 згідно з рис. 7. 
 Результати міряння товщини, мікротвердости та суцільности 

«білого шару», а також величини шерсткости поверхні зразків з 

криці 40 після азотування методом ЕІЛ зведено до табл. 6. 
 На рисунках 9–12 показано залежності товщини зміцненого ша-
ру (а) та мікротвердости (б) «білого» шару від енергії розряду та 

трудомісткости за азотування методом ЕІЛ криці 40 для наявної 
технології (рис. 9) і першого (рис. 10), другого (рис. 11) і третього 

(рис. 12) варіянтів оброблення. 

ТАБЛИЦЯ 5. Результати дюрометричної аналізи поверхневих шарів кри-
ці 40, структури яких представлено на рис. 7. 

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

Енергія 

розряду, 
Дж 

Розподіл мікротвердости Hµ у поверхневому шарі  
по мірі поглиблення із кроком міряння у 30 мкм 

30 60 90 120 150 180 210 240 270 300 340 390 
Перший варіянт 

0,13 7100 6540 5860 5250 4520 3800 2790 1900 1700    

0,52 9980 9320 8610 7360 6330 5220 4170 3240 2210 1700 1700  

3,4 10080 9660 9140 8250 7050 5750 4810 3780 2520 2000 1700 1700 
Другий варіянт 

0,13 7130 6550 5790 5350 4630 4020 2850 2000 1700 1700   

0,52 9990 9230 8450 7350 6500 5500 4300 3250 2230 1700 1700  

3,4 10100 9750 9250 8400 7110 5770 4720 3730 2650 2100 1700 1700 
Третій варіянт 

0,13 7140 5340 4320 3640 2750 2400 2000 1750 1700    

0,52 10010 9360 8560 7480 6000 5000 4000 3240 2300 1700 1700  

3,4 10110 9790 9050 7900 7010 5600 4560 3850 2800 2300 1700 1700 
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4. ВИСНОВКИ 

В результаті аналізи структури поверхневих шарів після азотуван-
ня криць 20 і 40 методом ЕІЛ з використанням азотовмісного СТНС 

встановлено наступне. 
1. Зі збільшенням енергії розряду зростають товщини «білого» ша-
ру та дифузійної (перехідної) зони, а також збільшується мікротве-
рдість, шерсткість і суцільність поверхні. 
2. Зі зменшенням продуктивности ЕІЛ і, відповідно, збільшенням 

трудомісткости процесу зростають товщини «білого» шару та дифу-
зійної (перехідної) зони; крім цього, збільшуються мікротвердість і 
суцільність покриття. 
3. Із заміною криці 20 на крицю 40 незначно збільшуються товщи-

  
a b 

 
c 

Рис. 8. Розподіл мікротвердости по глибині шару поверхні зразка криці 40 

після азотування методом ЕІЛ, де а, б, в — перший, другий і третій варія-
нти зміни продуктивности процесу ЕІЛ відповідно. На графіку: 1, 2 та 3 — 

енергія розряду Wр = 0,13, 0,52 і 3,4 Дж відповідно. 

Fig. 8. Distribution of microhardness along the depth of the surface layer of 

steel 40 sample after nitriding by the ESA method, where а, б, в 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 Wр = 0.13, 0.52, and 3.4 J, re-
spectively. 
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ни «білого» шару й дифузійної (перехідної) зони та мікротвердість 

поверхневого шару. 

ПОДЯКИ 

Результати даної роботи частково було одержано в рамках вико-
нання науково-дослідного проєкту Сумського державного універси-
тету «Розробка екологічно безпечних технологій модифікації пове-
рхні деталей обладнання електростанцій комбінованими методами, 
заснованими на електроіскровому легуванні» за фінансування Мі-
ністерством освіти і науки України (державний реєстраційний 

№ 0124U000539). 

ТАБЛИЦЯ 6. Параметри якости азотованих шарів, одержаних методом 

ЕІЛ на зразках зі криці 40. 

TABLE 6. Quality parameters of nitrided layers obtained by the ESA method 

on steel 40 samples. 
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Існуюча технологія 
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 

Перший варіянт 
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 

Другий варіянт 
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 

Третій варіянт 
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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Рис. 9. Залежності товщини зміцненого шару (а) й мікротвердости (б) «бі-
лого» шару від енергії розряду та трудомісткости за азотування методом 

ЕІЛ криці 40 для наявної технології. 

Fig. 9. Dependences of the thickness of the strengthened layer (а) and the mi-
crohardness (б) 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. 

  
а б 

Рис. 10. Залежності товщини зміцненого шару (а) й мікротвердости (б) 
«білого» шару від енергії розряду та трудомісткости за азотування мето-
дом ЕІЛ криці 40 за першим варіянтом оброблення. 

Fig. 10. Dependences of the thickness of the strengthened layer (а) and the 

microhardness (б) of the ‘white’ layer on the discharge energy and labour in-
tensity during nitriding by the ESA method of steel 40 for the 1st

 processing 

variant. 
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Рис. 11. Залежності товщини зміцненого шару (а) й мікротвердости (б) 
«білого» шару від енергії розряду та трудомісткости за азотування мето-
дом ЕІЛ криці 40 за другим варіянтом оброблення. 

Fig. 11. Dependences of the thickness of the strengthened layer (а) and the 

microhardness (б) of the ‘white’ layer on the discharge energy and labour in-
tensity during nitriding by the ESA method of steel 40 for the 2nd

 processing 

variant. 

  
а б 

Рис. 12. Залежності товщини зміцненого шару (а) й мікротвердости (б) 
«білого» шару від енергії розряду та трудомісткости за азотування мето-
дом ЕІЛ криці 40 за третім варіянтом оброблення. 

Fig. 12. Dependences of the thickness of the strengthened layer (а) and the 

microhardness (б) of the ‘white’ layer on the discharge energy and labour in-
tensity during nitriding by the ESA method of steel 40 for the 3rd

 processing 

variant. 
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PACS numbers: 62.20.F-, 81.20.Hy, 81.20.Wk, 81.40.Ef, 81.40.Jj, 81.40.Lm, 83.50.Uv 

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. 

У роботі розглянуто результати моделювання напружено-деформованого 

стану дроту під час реалізації нової технології термомеханічного оброб-
лення, що являє собою поєднаний процес волочіння та безперервного охо-
лодження у спеціяльній камері з використанням рідкого азоту. Відсут-
ність нагрівання до температури навколишнього середовища приводить 

до збільшення рівня еквівалентних напружень на 5−10%. Збільшення 

швидкости деформації приводить до пониження рівня напружень за ра-
хунок збільшення деформаційного нагрівання. Розвиток деформації по-
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перечного перерізу відбувається нерівномірно, поверхня отримує більш 

високий рівень деформації. Зі збільшенням числа проходів ця ріжниця 

зростає через кумулятивний характер еквівалентної деформації. 

Ключові слова: моделювання, криця, дріт, волочіння, кріогенне охоло-
дження, напружено-деформований стан. 
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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-
quirements 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-
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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 8.2 mm to 7.5 mm 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C in air. 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 

 
a b c 

Fig. 1. Equivalent stresses in a model of drawing from 6 mm to 5 mm at a 

speed of 500 mm/s while heating the workpiece to 20°C after each pass. 

 
a b c 

Fig. 2. Equivalent stresses in the drawing model from 9 mm to 7 mm at 

500 mm/s with the workpiece heated to 20°C after each pass. 
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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 

TABLE 1. Stress state parameters in models with workpiece heating up to 20°C. 

Drawing a workpiece with a diameter of 6 mm 

Pass No. D0, mm D1, mm TS0, MPa TS1, MPa σEQV 500, 
MPa 

σEQV 1000, 
MPa 

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 

Pass No. D0, mm D1, mm TS0, MPa TS1, MPa σEQV 500, 
MPa 

σEQV 1000, 
MPa 

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 
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surface (point 1) and on the axis of the workpiece (point 2). 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). 

TABLE 2. Stress state parameters in models without preheating the workpiece. 

Drawing a workpiece with a diameter of 6 mm 

Pass No. D0, mm D1, mm TS0, MPa TS1, MPa σEQV 500, 
MPa 

σEQV 1000, 
MPa 

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 

Pass No. D0, mm D1, mm TS0, MPa TS1, MPa σEQV 500, 
MPa 

σEQV 1000, 
MPa 

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 

  
a b 

Fig. 3. Graphs of equivalent strain: drawing model from 6 mm to 5 m (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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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. 

Стопи CoCrNi — це нове сімейство високоефективних стопів, які знайшли 

застосування в різних сферах, включаючи автомобільну, аерокосмічну та 

біомедичну промисловості. Стопи можуть бути виготовлені різними мето-
дами та демонструють відмінні властивості, такі як висока міцність, пла-
стичність, біосумісність і корозійна стійкість. У цій статті розглянуто 

технологічний процес виготовлення, еволюцію фаз і механічні властивос-
ті середньоентропійних стопів на основі CrCoNi, оброблених методами 

порошкової металурґії. Деякі з основних одержаних результатів вказу-
ють на наявність твердого розчину Co–Cr–Ni і суміші ГЦК- й ОЦК-
структур у стопі. Мікроструктура є однорідною з рівновісними зернами та 

містить суміш фаз через леґувальні елементи. Стоп демонструє високу 

механічну міцність з хорошими значеннями деформації. Наявність різ-
них фаз, серед яких — тверді розчини Co–Cr–Ni та Co–Ni з несхожими 

кристалічними структурами, є причиною високої ентропії стопу і, відпо-
відно, його хороших механічних характеристик. 

Ключові слова: стоп Co–Cr–Ni, середньоентропійні стопи, тверді розчи-
ни, ГЦК- й ОЦК-структури, механічні властивості. 

(Received 12 October, 2024; in final version, 1 April, 2025) 
  

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/cm2
 

in a hydraulic press (Montequipo, LAB-30T, México). 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 CuKα 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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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, at angles 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 

 

Fig. 1. Particle size distribution of the grinded mixture. 
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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. 2. X-ray diffraction patter of the sintered sample. 

 

Fig. 3. Microstructure of sintered sample observed with SEM. 
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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 

 

Fig. 4. Energy dispersive spectroscopy of x-rays analysis performed on the 

sintered alloy. 
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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-

 

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. 
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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 

AISI4140 steel, a slightly higher hardness is observed in the alloy than 

in the AISI4140 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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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 AISI4140 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 

AISI4140 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 AI-

 

Fig. 7. Elastic modulus and hardness of the Co–Cr–Ni alloy sintered, heat 

treated and compared with those properties of AISI41440 steel. 
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SI41440 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 AISI steel is more than 100% compared to the 

ductility of the Co–Cr–Ni alloy, reaching values are slightly higher 

 

Fig. 8. Yield and compressive strength of the sintered alloy, annealed alloy 

and compared with those properties of AISI41440 steel. 

 

Fig. 9. Ductility of the Co–Cr–Ni alloy and of AISI4140 steel during mechani-
cal compression tests. 
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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 AISI 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 (1 500°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. 

ACKNOWLEDGEMENTS 

M.G.S.J. would like to express their appreciation to CONAHCyT for 

the grant to carry out her master degree studies. 

REFERENCES 

1. J. W. Yeh, S. K. Chen, S. J. Lin, J. Y. Gan, T.-S. Chin, T.-T. Shun, C.-H. Tsau, 
and S.-Y. Chang, Adv. Eng. Mate., 6, Iss. 5: 299 (2004). 

2. B. Cantor, I. T. H.Chang, P. Knight, and A. J. B. Vincent, Mater. Sci. Eng. A, 
375–377: 213 (2004). 

3. M. Sun, X. Liu, W. Jiang, L. Yawei, K. Jiangang, L. Rui, W. Xianping, 

https://doi.org/10.1002/adem.200300567
https://doi.org/10.1016/j.msea.2003.10.257
https://doi.org/10.1016/j.msea.2003.10.257


MICROSTRUCTURE, PHASE EVOLUTION, AND MECHANICAL PROPERTIES OF CoCrNi 1123 

W. Xuebang, F. Qianfeng, and L. Changsong, Scr. Mater., 204: 114144 (2021). 
4. P. Muangtong, A. Rodchanarowan, D. Chaysuwan, N. Chanlek, and R. Goodall, 

Corros. Sci., 172: 108740 (2020). 
5. D. B. Miracle and O. N. Senkov, Acta Mater., 122: 448 (2017). 
6. G. Bracq, M. Laurent-Brocq, L. Perrière, R. Pirès, J. M. Joubert, and I. Guillot, 

Acta Mater., 128: 327 (2017). 
7. S. Haas, M. Mosbacher, O. N. Senkov, and M. Feuerbacher, Entropy, 20, Iss. 9: 

654 (2018).  
8. X. Gao, Y. Lu, B. Zhang, L. Ningning, W. Guanzhong, S. Gang, L. Jizi, and 

Z. Yonghao, Acta Mater., 141: 59 (2017). 
9. E. P. George, D. Raabe, and R. O. Ritchie, Nat. Rev. Mater., 4: 515 (2019). 
10. S. Singh, N. Wanderka, K. Kiefer, K. Siemensmeyer, and J. Banhart, Ultrami-

croscopy, 111, Iss. 6: 619 (2011). 
11. Z. Tang, M. C. Gao, H. Diao, T. Yang, J. Liu, T. Zuo, Y. Zhang, Z. Lu, Y. Cheng, 

Y. Zhang, K. A. Dahmen, P. K. Liaw, and T. Egami, JOM, 65: 1848 (2013). 
12. Z. Wang, S. Guo, and C. T. Liu, JOM, 66: 1966 (2014). 
13. A. Manzoni, H. Daoud, S. Mondal, S.V. Smaalen, R. Völkl, U. Glatzel, and 

N. Wanderka, J. Alloys Compd., 552: 430 (2013). 
14. S. Singh, N. Wanderka, B. Murty, U. Glatzel, and J. Banhart, Acta Mater., 

159, Iss. 1: 182 (2011). 
15. S. Yang, M. Jiang, H. Li, Y. Liu, and L. Wang, Rare Metals, 31: 75 (2012). 
16. T. Omori, J. Sato, K. Shinagawa, I. Ohnuma, K. Oikawa, R. Kainuma, and 

K. Ishida, J. Phase Equilib. Diffus., 35: 178 (2014). 
17. B. Gludovatz, A. Hohenwarter, K. V. Thurston, H. Bei, Z. Wu, E. P. George, 

and R. O. Ritchie, Nat. Commun., 7: 10602 (2016). 
18. S. Yoshida, T. Bhattacharjee, Y. Bai, and N. Tsuji, Scr. Mater., 134: 33 (2017). 
19. Z. Zhang, H. Sheng, Z. Wang, B. Gludovatz, Z. Zhang, E. P. George, Q. Yu, 

S. X. Mao, and R. O. Ritchie, Nat. Commun., 8: 14390 (2017). 
20. P. Sathiyamoorthi, J. Moon, J. W. Bae, P. Asghari-rad, and H. S. Kim, Scr. 

Mater., 163: 152 (2019). 
21. R. Wen, C. You, L. Zeng, H. Wang, and X. Zhang, J. Mater. Sci., 55: 12544 

(2020). 
22. W. Lu, X. Luo, Y. Yang, and B. Huang, Materials Express, 9, No. 4: 291 

(2019). 
23. X. Feng, J. U. Surjadi, R. Fan, X. Li, W. Zhou, S. Zhao, and Y. Lu, Mater. To-

day, 42, 10 (2021). 
24. Y. Shi, Y. Wang, S. Li, R. Li, and Y. Wang, Mater Sci. Eng. A, 788: 139600 

(2020). 
25. C. Slone, C. Larosa, C. Zenk, E. George, M. Ghazisaeidi, and M. Mills, Scr. Ma-

ter., 178: 295 (2020). 
26. M. P. Agustianingrum, U. Lee, and N. Park, Corros. Sci., 173: 108755 (2020). 
27. ASTM E494-15 Standard Practice for Measuring Ultrasonic Velocity in Mate-

rials, last update (2021). 
28. ASTM E384-16, Standard Test Method for Microindentation Hardness of Ma-

terials, last update (2017). 
29. S. Guo, C. Ng, and C. Liu, J. Alloys Compd., 557: 77 (2013). 
30. http://www.acerosespeciales.net/aisi4140.html (last accessed August 29, 

2024). 

https://doi.org/10.1016/j.scriptamat.2021.114144
https://doi.org/10.1016/j.corsci.2020.108740
https://doi.org/10.1016/j.actamat.2016.08.081
https://doi.org/10.1016/j.actamat.2017.02.017
https://doi.org/10.3390/e20090654
https://doi.org/10.3390/e20090654
https://doi.org/10.1016/j.actamat.2017.07.041
https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1016/j.ultramic.2010.12.001
https://doi.org/10.1016/j.ultramic.2010.12.001
https://doi.org/10.1007/s11837-013-0776-z
https://doi.org/10.1007/s11837-014-0953-8
https://doi.org/10.1016/j.jallcom.2012.11.074
https://doi.org/10.1016/j.actamat.2010.09.023
https://doi.org/10.1016/j.actamat.2010.09.023
https://doi.org/10.1007/s12598-012-0466-y
https://doi.org/10.1007/s11669-014-0292-z
https://doi.org/10.1038/ncomms10602
https://doi.org/10.1016/j.scriptamat.2017.02.042
https://doi.org/10.1038/ncomms14390
https://doi.org/10.1016/j.scriptamat.2019.01.016
https://doi.org/10.1016/j.scriptamat.2019.01.016
https://doi.org/10.1007/s10853-020-04870-6
https://doi.org/10.1007/s10853-020-04870-6
https://doi.org/10.1166/mex.2019.1506
https://doi.org/10.1166/mex.2019.1506
https://doi.org/10.1016/j.mattod.2020.10.003
https://doi.org/10.1016/j.mattod.2020.10.003
https://doi.org/10.1016/j.msea.2020.139600
https://doi.org/10.1016/j.msea.2020.139600
https://doi.org/10.1016/j.scriptamat.2019.11.053
https://doi.org/10.1016/j.scriptamat.2019.11.053
https://doi.org/10.1016/j.corsci.2020.108755
https://doi.org/10.1016/j.jallcom.2013.01.007
http://www.acerosespeciales.net/aisi4140.html


 



https://doi.org/10.15407/mfint.47.10.1025
https://creativecommons.org/licenses/by-nd/4.0
https://doi.org/10.15407/mfint.47.10.1025






















https://doi.org/10.1080/01411594.2010.499711
https://doi.org/10.1080/01411594.2010.499711
https://doi.org/10.1007/BF02668565
https://doi.org/10.1063/1.4868002
https://doi.org/10.1063/1.4868002
https://doi.org/10.1016/j.tca.2014.09.005
https://doi.org/10.1016/j.tca.2014.09.005
https://doi.org/10.1016/S0022-0248(96)01121-9
https://doi.org/10.1016/S0022-0248(96)01121-9
https://doi.org/10.1023/B:INMA.0000020519.80274.2f
https://doi.org/10.1134/S0036029514010042
https://doi.org/10.15407/plit2023.03.034

	CONT_47.10_BAT_Final
	MNT_INFORMATION_V-VIII
	01_BARABASH
	02_SYSOIEV
	03_SERDIUK
	Belka_1060
	04_TARELNYK
	Belka_1082
	05_SEZONENKO
	Belka_1100
	06_VOLOKITINA
	Belka_1110
	07_САЛАЗАР
	Belka_1124
	08_NURADINOV

