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Transition metal nitrides- CrN, AlN and ZrN - were deposited by Direct Current Magnetron 

Sputtering (DCMS) technique. The CrN and AlN films were produced on W320 tool steel with 

preliminary treatment of electron-beam hardening and plasma nitriding. Their structure, mechanical 

and tribological characteristics (hardness, elasticity modulus and wear resistance) of the above 

mentioned coatings were assessed by means of X-Ray Diffraction, Nanoindentation tester and pin-

on-disk method.The results exhibit a presence of face centered cubic CrN and hexagonal AlN phases. 

The hardness values are 19.6 GPa and 15.4 GPa for CrN and AlN layers, respectively. It was found 

out that the samples with deposited CrN coating possess higher wear resistance compared to one 

from AlN. Specimens of tool (X12MF) and Chromium-nickel (CrNi 321) steels were utilized at 

deposition of ZrN coatings. The diffractograms of these films show peaks of ZrN phase. The 

calculated lattice parameters are in agreement with ICDD (International center for date diffraction) 

database. 
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INTRODUCTION 
Hard coatings of metal nitrides are now commonly 

utilized in fields of cutting and forming tools, bearing and 
machine parts, dies and moulds. They have proven their 
capability to increase tools lifetime and performance not 
only during abrasive action of hard materials but also in 
many chemically aggressive environments [1-3].  

Titanium and chromium nitride coatings are gaining 
popularity in the mechanical manufacturing industry due to 
their unique properties as high hardness [4], resistance to 
wear and corrosion [5], chemical and high temperature 
stability. Besides, they have a promising prospect for 
applications in biology, medicine, photoelectronic devices 
and green-energy [6,7].  

TiN coating is deposited by magnetron sputtering on Al 
substrate 7075-T6 [8]. The authors investigated the 
temperature influence, nitrogen leaking velocity, power on 
hardness, roughness, adhesion and microstructure of the 
produced TiN films during the process. Raising of the 
substrate temperature, reactive gas leaking speed and power 
leads to higher hardness of the specimens. TiN hardness 
value is 840 HV while one of the initial material is 170 HV. 
It is found enhancement with 14% of the surface hardness, 
4.1% of adhesion and 9.43% of the surface roughness. 

In studies [9-11], the researchers evaluated 
antimicrobial and antibacterial properties of TiN coatings. 
The films alloying with Ag increases strongly their ability 
to remove bacteria from surface them. The layers are 
obtained by pulse sputtering from two targets – Ti and Ag, 
as Ag concentrations ranged between 4.6 and 16.7 atomic 
per cent. It is proved that at Ag concentration to   4.6% is 

formed solid solution in TiN lattice. On the other hand, the 
higher concentrations lead to dissolution of Ag ions in the 
lattice and separation of precipitates in form of 
nanoparticles with 20-50 nm sizes on TiN polycrystalline 
grains limitations. Besides, the alloying with Ag enhances 
significantly antibacterial action and wear resistance 
independently from the concentration but decreases the 
hardness. It is shown that higher Ag concentration 
corresponds to improved antibacterial properties which is 
prerequisite for application of TiN in medicine and food 
industry.  

The scientists in [12] demonstrated a possibility for 
coatings deposition from Ti/TiN (different bilayer period) 
via radio frequency magnetron sputtering on NbFeB 
substrates with a total thickness of 2.5 μm. The results 
exhibit better protection against corrosion of Ti/TiN with 6 
bilayer period compared to single TiN film. Tribological 
test is carried out with an artificial saliva and shows 
enhanced wear resistance of the discussed coatings. The 
measured hardness is 2.5 times higher than one of the 
substrates. 

CrN films are fabricated on 6959 tool steel by radio 
frequency magnetron sputtering [13]. The effect of 
substrate temperature and nitrogen gas flow on adhesive 
strength and microhardness of the deposited coatings is 
studied. Higher substrate temperature and lower nitrogen 
flow rate lead to remarkable improvement in the 
mechanical properties of the coatings. The best values of 
the hardness and strength- 736 HV and 28 N- are achieved 
at a substrate temperature of 400°С and a nitrogen gas flow 
of 11.58 sccm.  
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In work [14], influence of substrate voltage on the 

structure and mechanical properties of CrN films by DC 
and pulse magnetron sputtering is assessed. The results 
show higher nanohardness at increased substrate voltage in 
case of coatings deposition by pulse magnetron sputtering. 

Aluminum nitride (AlN) possesses an excellent 
combination of properties: high temperature resistance (up 
to 2200 °C), very good thermal conductivity – 285 W/mK, 
low coefficient of temperature expansion and good 
resistance to oxidation (up to 700 °C) [15-17]. These 
characteristics, as well as the good dielectric and optical 
properties, makes it a promising candidate for applications 
in microelectronics, optoelectronics and light industry.  

At this stage, the interaction between the structural and 
emitting properties of multi-cavity pits and super-lattice of 
AlN (the main components of the high-efficiency emitting 
diodes and lasers in the blue spectrum) is actively studied. 
This leads to creation of sources with bright and energy-
saving white light [18]. The Al – AlN double layer system 
is widely used to produce flat panel solar collectors with 
selectively absorbing coating, as the two-layer vacuum 
element work in temperature range of -30 °C to +250 °C.  

The requirements of enhancement of materials for 
specific applications have led to the interest in development 
of newer coating systems. For this reason, the research 
efforts are directed to study and characterization of coatings 
from new generation for improvement of mechanical and 
protective properties of the materials. 

The ZrN films have gained much attention lately in 
different areas of modern industry, such as semiconductors, 
the diffusion barriers in IC technology, owing to their low 
resistivity, good corrosion resistance, low formation energy 
and high mechanical properties [19,20]. Multilayer ZrN/Cu 
coatings are deposited on 316L stainless steel by reactive 
DC magnetron sputtering for biomedical applications [21]. 
The performed investigations show opportunity for 
enhancement of resistance to corrosion and wear as well 
bactericidal properties of the metal surfaces. 

Other authors [19] investigated the effect of different 
bias voltage (- 45V, 0V, 50V) on the mechanical properties 
of ZrN film dеposited by DC magnetron sputtering. The 
results indicate that the introduction of either negative or 
positive bias results in the degradation of the adhesion 
properties, while the films under zero bias exhibit the best 
adhesion. The hardness of the ZrN films increases with 
raising positive or negative bias, being higher at positive 
bias. 

Using radio frequency magnetron sputtering, in [20] 
ZrN layers are produced on M2 steel. The XRD results 
show a presence of ZrN (111) preferred orientation and 
columnar structure at a power below 300 W. However, the 
nanohardness enhances and reaches a peak of 34.5 GPa at 
the same power. At a higher power, the nanohardness 
decreases significantly to 27.8 GPa. All ZrN films indicate 
better protection against corrosion than one of the initial 
material M2.  

In the last years, the researchers from a laboratory 
“Physical technologies” to Institute of Electronics have 
remarkable achievements in the field of nanotechnologies. 
One of the field, in which the group worksm is deposition 
and characterization of nitride and oxide coatings by DC 
magnetron sputtering. Recent investigations are focusing 
mainly on preparation and studies of single nitrides (TiN, 
CrN, AlN, ZrN, VN) and multilayer ones as TiN/WN, 
TiN/CrN and TiN/ZrN as well oxide as TiO2, Al2O3, CrO2, 

Ta2O5, TiN/TiO2. These wear resistant coatings are 
designed for modern applications such as biomedicine, for 
optical lenses, selective filters and etc. 

The main aim of this study is deposition of nitride 
coatings by PVD method on different initial materials to 
evaluate the dependence between structure, mechanical and 
tribological properties of the obtained films.   

In the present work, a possibility for deposition of 
nitride coatings by reactive DC magnetron sputtering is 
exhibited. The variation of structure, mechanical and 
tribological properties of CrN and AlN coatings with 
technological parameters is investigated. These films are 
produced on tool steel with preliminary treatment 
combining electron beam modification and plasma 
nitriding. Besides, ZrN coatings are formed successfully on 
various substrates as their phase composition and lattice 
parameters are studies.  

MATERIALS AND METHODS 
The experiments were carried out on specimens of 

W320, X12MF and CrNi (321) steel for deposition of 
nitride coatings. The first substrate is preliminary processed 
with electron beam treatment and plasma nitriding.  

The electron beam treatment with scanning electron 
beam was performed on Leybold Heraus (EWS 300/15–60) 
at the following technological parameters: accelerated 
voltage – U=55 kV, electron beam current – I=40 mA, 
speed of the specimen movement – V=4 cm/s, frequency of 
the electron beam – f=1 kHz. 

The plasma nitriding surface treatment was performed 
on “ION 500” at 600 °C for 8–24 h, in a gas mixture of 
70% N2 + 30% H2. After the nitriding process, the samples 
were cooled down at a high vacuum state in order to 
minimize the residual stresses and the oxidation.  

Transition metal nitrides- CrN, AlN and ZrN - were 
deposited by Direct Current Magnetron Sputtering (DCMS) 
technique. The used targets Cr, Al and Zr have a purity of 
99.99 %. Before the deposition, the substrate surface was 
etched by Ar+ plasma for 10 min to remove contaminations 
and oxide layers from their surface. The CrN and AlN films 
are obtained on W320 samples in Ar-N2 atmosphere with a 
working pressure of 1.2x10-1Pa and 7.5x10-2 Pa, 
respectively. The substrates temperatures during the process 
are 360°C for CrN and 290°C for AlN. ZrN coating is 
produced on X12MF and CrNi (321) substrates at a 
working pressure of 1x10-1Pa and 250 °C.  

X-ray diffraction (XRD) experiments were performed 
on a URD6 Seiferd & Co diffractometer with Cu Kα 
radiation. The XRD patterns were recorded within the range 
from 30° to 80° at 2θ scale with a step 0.1°. 

Nanoindentation was carried out using Nanomechanical 
Tester (Bruker). The nanohead of the Nanoindenter 
performs indentation tests, where the applied load and 
displacement are continuously monitored, generating load 
versus displacement data for a test specimen. The Young 
modulus and hardness are derived from the unload data 
segments through is situ monitorring of the force vs. 
displacement plot and automatic calculations by utilizing 
the Oliver-Pharr method [22,23] are performed. Prior to 
indentation, the sample surface of the studied composites 
was polished. The software program prepared for this 
experiment consisted of 4 lines with 12 indentations each (a 
total of 48 indentations) and spacing of 80 µm. Each 
indentation was made with a force of 50 mN.  
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The wear-resistance of the sample surface is estimated 
using a device for abrasive wear type „thumb-disk” [24]. 
The required initial conditions for the assessed surfaces are 
provided by grinding with sandpaper with different grain 
size and finally polished with diamond paste. The samples 
are cleaned with a special solution to neutralize the static 
electricity. The wear-resistance I  is determined as: 

i

1
I   (1) 

where: m  is the mass loss in the contact interaction for a 
certain sliding distance ; L   is the density of the sample 
surface layer,  is the contact zone area. The intensity of 
mass wearing i is dimensionless and is defined as: 

S

L.S.

m
i




  (2) 

RESULTS AND DISSCUSIONS 
Coatings of CrN and AlN deposited on W320 tool steel 

Fig.1 represents XRD pattern of the sample with 
deposited CrN coatings. All diffractions maximums are 
indexed. Phase identification was carried out with ICDD 
Database file PDF #11-0065 for CrN crystal phase. XRD 
diffractogram shows  a presence of face centered cubic 
(fcc) CrN phase with space group Fm-3m (225) and 
reflections, corresponding to (111), (200), (220) and (311) 
crystallographic planes. The lattice parameter was 
estimated to be a = 0.4185 nm which is in agreement with 
the value published in Database (0.4140 nm). 

 

Fig. 1. XRD pattern of the samples with deposited CrN coatings 

on W320 tool steel 

The results from XRD analysis of the sample (W320) 
with deposited AlN coating are given in Fig. 2. Phase 
identification was carried out with JCPDS 25-1133 for AlN 
phase. The diffractogram exhibit peaks of hexagonal (type 
Wirtzeite) AlN phase with space group p63mc and 
reflections, corresponding to (100), (002), (102), (110) and 
(103) crystallographic planes. The measured lattice 
parameters are a = 0.3111 nm and c = 0.4980 nm, that are 
close to these ones in the database a = 0.3111 nm and c = 
0.4979 (according to JCPDS 25-1133). 

Our previous study [25-29] proves that the preliminary 
treatment with electron beam processing and plasma 
nitriding lead to improvement of initial materials 
mechanical properties. Besides, the combination of both 
methods gives possibility for formation of gradient layers 
having rough surface and enhanced hardness. 

 

Fig. 2. XRD pattern of the samples with deposited AlN coatings on 

W320 tool steel 

The mechanical properties of the deposited CrN coating 
were measured by Nanotester and the results are shown in 
Fig. 3. The average value of the hardness is H=19.649±1.38 
GPa and the elasticity modulus achieves a value of 
E=176.955±10.027 GPa The obtained of us results 
correspond to published data from other researchers [30-
33]. 

 

Fig. 3. Hardness and Young’s modulus of CrN coatings 

Fig. 4 shows results of the measurement of hardness and 
elastic modulus of AlN coating. The average value of the 
hardness for AlN coating is H = 15.484±1.472 GPa, 
evaluated at a contact depth from 0.3 to 0.4 µm. The elastic 
modulus of AlN coating is E = 170.795±11.367 GPa. The 
obtained values for the hardness and elastic modulus have 
good consistency with literature [34-36]. 

 
Fig. 4. Hardness and Young’s modulus of AlN coatings 
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Dependence of the wear resistance from the number of 
cycles for CrN and AlN films is depicted in Fig.5. As it can 
be seen from the Figure, the wear resistance value 
diminishes with raising the number of the cycles for both 
samples. According to the results, the AlN coating owns 5 
times higher degree of a protection against wear than the 
film with CrN. 

 

Fig. 5. Diagram of the wear resistance of the specimens at friction 

path from 50 to 400 cycles 

Coating ZrN deposited on tool (X12MF) and Chromium 
-nickel (CrNi 321) steels  

The results from X-Ray diffraction patterns of the ZrN 
coating, deposited on two types of substrates, are 
summarized in Fig.6 and Fig.7. The phase of ZrN is 
observed for both substrates as it has face center cubic 
structure with space group Fm3m (225). It was found out 
that the planes correspond to (111), (200) and (311) 
reflections. For two cases, the lattice parameters are 
calculated as for X12MF a= 0.4660 nm and for CrNi (321) 
- a= 0.4658 nm. The obtained results are very close to ones 
in Database (a= 0.4577 nm). 

 

Fig. 6. XRD pattern of the samples with deposited ZrN coatings on 

X12MF tool steel 

 

Fig. 7. XRD pattern of the samples with deposited ZrN coatings on 

CrNi (321) steel 

The applied technological conditions during the 
deposition process give possibility for obtaining of CrN and 
AlN with lattice parameters close to ones in Database 
which is an evidence for a small quantity of microstrains in 
them. On the other hand, these films possess high hardness, 
elasticity modulus and improved protective properties. 
Using DC reactive magnetron sputtering, ZrN coating is 
produced successfully at appropriate parameters of the 
process. 

CONCLUSIONS 
Thin ceramic coatings of CrN, AlN and ZrN were 

fabricated on different metal substrates by reactive DC 
magnetron sputtering.  The preliminary processing of the 
W320 tool and optimized parameters during the deposition 
assists for obtaining of CrN and AlN films with good 
stoichiometry and exploitation properties. The use of 
various types of substrates for ZrN coating deposition does 
not influence essentially on the its phase composition.The 
evaluated lattice parameters of ZrN are an evidence for a 
presence of a small quantity of microstrains.  

ACKNOWLEDGMENT 
This work was supported by the Bulgarian Ministry of 

Education and Science under the National Research 
Programme "Young scientists and postdoctoral students" 
approved by DCM # 577 / 17.08.2018. 

REFERENCE 
[1] Hultman L, Bareño J, Flink A, Söderberg H, Larsson K, 

Petrova V, Odén M, Greene J E, Petrov I. Interface structure 
in superhard TiN-SiN nanolaminates and nanocomposites: 
Film growth experiments and ab initio calculations. Physical 
Review B. 2007; 75(15): 155437. 

[2] Petrov I, Barna P B, Hultman L, Greene J E, Petrov I. 
Microstructural evolution during film growth. Journal of 
Vacuum Science & Technology A. 2003; 21(5):117-127. 

[3] Caicedo J C, Amaya C, Yate L, Nos O, Gomez M E, Prieto P. 
Hard coating performance enhancement by using [Ti/TiN]n, 
[Zr/ZrN]n and [TiN/ZrN]n multilayer system. Materials 
Science and Engineering: B. 2010; 171(1-3):56-61. 

[4] Koseki S, Inoue K, Morito S, Ohba T, Usuki H. Comparison of 
TiN-coated tools using CVD and PVD processes during 
continuous cutting of Ni-based superalloys. Surface & 
Coatings Technology. 2015; 283:353–363. 

[5] Cheol Oh J, Lee S, Golkovski M. Improvement of the 
Hardness and Wear Resistance of (TiC, TiN)/Ti-6Al-4V 
Surface-Alloyed Materials Fabricated by High-Energy 
Electron-Beam Irradiation. Metallurgical and Materials 
Transactions A. 2001; 32(12):2995-3005. 

[6] Cheng Y, Zheng Y. Surface characterization and mechanical 
property of TiN/Ti-coated NiTi alloy by PIIID. Surface & 
Coatings Technology. 2007; 201:6869–6873. 

[7] Liang H, Shi B, Fairchild A, Cale T. Applications of plasma 
coatings in artificial joints: an overview. Vacuum.2004; 73: 
317–326. 

[8] Zalnezhad E, Sarhan A, Hamdi M. Optimizing the PVD TiN 
thin film coating’s parameters on aerospace AL7075-T6 alloy 
for higher coating hardness and adhesion with better 
tribological properties of the coating surface. International 
Journal of Advanced Manufacturing Technology. 2013 64 (1-
4): 281–290. 

[9] Kelly P, Li H, Whitehead K, Verran J, Arnell R, Iordanova I. 
A study of the antimicrobial and tribological properties of 
TiN/Ag nanocomposite coatings. Surface & Coatings 
Technology. 2009; 204:1137–1140. 

https://www.sciencedirect.com/science/journal/09215107
https://www.sciencedirect.com/science/journal/09215107
https://link.springer.com/journal/170
https://link.springer.com/journal/170


Rabadzhiyska et al./Journal of the Technical University of Gabrovo 59 (2019) 12-16 16  
[10] Kelly P, Li H, Benson P, Whitehead K, Verran J, Arnell R, 

Iordanova I. Comparison of the tribological and antimicrobial 
properties of CrN/Ag, ZrN/Ag, TiN/Ag, and TiN/Cu 
nanocomposite coatings. Surface & Coatings Technology. 
2010; 205:1606–1610. 

[11] Iordanova I, Kelly P, Antonov V, Li H. Influence of 
concentration of Ag on electron and crystallographic structure 
of reactively cosputtered CFUBMS TiN/Ag nanocomposite 
coatings. Materials Technology. 2011; 26(1):40–45. 

[12] Cheng Y, Pang X, Gao K, Yang H,. Volinsky A. Corrosion 
resistance and friction of sintered NdFeB coated with Ti/TiN 
multilayers. Thin Solid Films. 2014; 550:428–434. 

[13] Prabakaran M,  Kumar S, Ramyesh K,  Srinivasan R. 
Characterization and optimization of CrN coatings on tool 
steels (6959). International Journal of Mechanical and 
Industrial Technology. 2014; 2(1):108-112. 

[14] Freeman J, Kelly P, West G, Bradley J, Iordanova I. The 
effects of composition and pulsed biasing on chromium nitride 
films. Surface & Coatings Technology. 2009; 204:907–910. 

[15] Choudhary R, Mishra P, Biswas A, Bidaye A. Structural and 
Optical Properties of Aluminium Nitride Thin Films 
Deposited by Pulsed DC Magnetron Sputtering. ISRN 
Material Science, 2013;759462. 

[16] Dimitrova V, Manova D, Dechev D. Study of  reactive DC 
magnetron sputtering deposition of AlN thin films. Vaccum. 
1998; 49(3):193-197. 

[17] Dimitrova V, Manova D, Paskova T, Uzunov Tz, Ivanov N, 
Dechev D. Aluminium nitride thin films deposited by DC 
reactive magnetron sputtering. Vaccum. 1998;51(2):161-164. 

[18] Taniyasu Y, Kasu M, Makimoto T. An aluminium nitride 
light-emitting diode with a wavelength of 210 nanometres. 
Nature. 2006; 441:325 – 328. 

[19] Chen C -S, Liu C -P, Tsao C -Y A, Yang H –G. Study of 
mechanical properties of PVD ZrN films, deposited under 
positive and negative substrate bias conditions. Scripta 
Materialia. 2004; 51:715–719. 

[20] Feng L, Yuedong M, Zhaoxing R, Xings S. Microstructure, 
Hardness and Corrosion Resistance of ZrN Films Prepared by 
Inductively Coupled Plasma Enhanced RF Magnetron 
Sputtering. Plasma Science and Technology. 2008; 10(2):170-
175. 

[21] Kumar D, Kaliaraj G. Multifunctional zirconium 
nitride/copper multilayer coatings on medical grade 316L SS 
and titanium substrates for biomedical applications. Journal of 
the Mechanical Behavior of Biomedical Materials. 2018; 
77:106–115. 

[22] Oliver W, Pharr G.  An improved technique for determining 
hardness and elastic modulus using load and displacement 
sensing indentation experiments. Journal of Materials 
Research. 1992; 7(6):1564-1583. 

[23] Oliver W, Pharr G. Measurement of hardness and elastic 
modulus by instrumented indentation: Advances in 
understanding and refinements to methodology. Journal of 
Materials Research. 2004; 19(1):3-20. 

[24] Tashev P, Kandeva M, Petrov P. An investigation on the 
wear properties of carbon steel coated with nanoparticles 
electron beam technique. Journal of the Balkan Tribological 
Association. 2014; 20(2):227-233. 

[25] Petrov P, Dimitrov D, Aprakova M, Valkanov S. Surface 
Hardening of Alloy Steels Using a High Intensity Electron 
Beam. Materials and Manufacturing Processes. 1998; 
13(4):555-564.  

[26] Dimitrov D, Aprakova M, Valkanov S, Petrov P. Electron 
beam hardening of ion nitrided layers. Vacuum. 1998; 
49(3):239-246. 

[27] Petrov P. Optimization of carbon steel electron-beam 
hardening. Journal of Physics: Conference Series. 2010; 
223:012029 

[28] Ormanova M, Petrov P, Kovacheva D. Electron beam surface 
treatment of tool steels. Vacuum. 2017; 135:7-12. 

[29] Ormanova M, Dechev D, Bezdushnyi R, Petrov P. Phase 
composition of multilayer system TiN/CrN deposited by DC 
magnetron sputtering. Bulgarian Chemical Communications. 
2017;  49(A):98-102. 

[30] Khanchaiyaphum S, Saikaew C, Srisattayakul P, Intanon N. 
A Comparative Study on the Hardness of CrN, CrC and CrCN 
Coatings. Advanced Materials Research. 2014; 1016:145-149. 

[31] Zeilinger A, Daniel R, Schöberl T, Stefenelli M, Sartory B, 
Keckes J, Mitterer C. Resolving depth evolution of 
microstructure and hardness in sputtered CrN film. Thin Solid 
Films. 2015; 581:75–79. 

[32] Zhang H, Shang J, Luo C, Zhong R, Duo S. CrN Coatings at 
Different Substrate Temperatures Prepared by Single D.C. 
Magnetron Sputtering Target. Key Engineering Materials. 
2016; 680:498-501. 

[33] Luo C, Zhang H, Shang J, Duo S. Effect of Bias Voltage on 
Microstructure and Mechanical Properties of CrN Coatings 
Prepared by Single Target Magnetron Sputtering. Key 
Engineering Materials. 2016; 697:777-780. 

[34] Barshilia H, Deepthi B, Rajam K. Growth and 
characterization of aluminum nitride coatings prepared by 
pulsed-direct current reactive unbalanced magnetron 
sputtering. Thin Solid Films. 2008; 516:4168 – 4174. 

[35] Yate L, Caicedo J, Macias A, Espinoza-Beltran F, Zambrano 
G, Munoz-Saldana J, Prieto P. Composition and mechanical 
properties of AlC, AlN and AlCN thin films obtained by r.f. 
magnetron sputtering. Surface & Coating Technology. 2009; 
203:1904 – 1907. 

[36] Chang C, Yang Y, Lee J, Lou B. The influence of deposition 
parameters on the structure and properties of aluminum nitride 
coatings deposited by high power impulse magnetron 
sputtering. Thin Solid Films. 2014; 572:161 – 168. 


	Coatings of CrN and AlN deposited on W320 tool steel
	Coating ZrN deposited on tool (X12MF) and Chromium -nickel (CrNi 321) steels 

