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The area of biomaterials is a continuous research area. Among others, stainless steels are also used in
medical applications such as fracture plates, wires, sutures and implants etc. Surgical grade 316 L stain-
less steel is specifically used for medical application. It primarily contains nickel, chromium and molyb-
denum wherein the purpose of nickel is to retain the FCC structure of stainless steel almost at any
temperature unlike conventional steel which has ferrite (BCC structure) in ambient temperature. Also,
nickel imparts a polished and glossy finish to surgical grade stainless steel which is an important factor
Stainless steel to keep it hygiepic. But, the harmful effect of nigl(el on t‘lu‘man body has been invegtigated and reported
Nickel problem for quite some time now. The adverse effect of nickel (Ni) ions that release from stainless steel upon cre-
HNS vice and pitting corrosion has led to the evolution of Ni-free stainless steel with high nitrogen content.
This paper briefly reviews the effect of nickel release in human body and let go the presence of nickel
in stainless steel by uplifting nitrogen content in it. Furthermore, the groundbreaking findings on Ni-
free stainless steel in last 10 years are presented and the possibilities of further developments have been
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1. Introduction

Metals are predominantly used as implants in biomedical
industries. The foremost criterion for choosing any implant mate-
rial is its biocompatibility. The reason for choosing metallic
implant is its superior mechanical strength and corrosion resis-
tance. The most commonly used biomedical alloys are grade 5
Ti6Al4V, CoCrMo and stainless steel (AISI 316L) [1,2]. The fabrica-
tion of stainless steel is comparatively easier than Ti-alloys and Co-
Cr alloys. Although stainless steel is used as implants at places but
its application is confined to bone healing, screws and fixations.

Stainless steel is present in three microstructures which are
austenite, martensite and ferrite. There is one other kind which
is the duplex stainless steel; it basically contains both austenite
and ferrite structure [3]. These structures are attributed to proper
adjustments in its chemistry which later reflects in its properties.
For instance, austenitic steel doesn’t possess ferromagnetism prop-
erties like its counterpart martensitic and ferrite steel. One of the
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preferential attribute of implants is the non-existence of ferromag-
netic property which is why austenitic stainless steels are pre-
ferred over martensitic and ferrite steels for implant material.
The other advantages of austenitic steels are their FCC structure,
low yield strength to tensile strength ratio, better formability
and corrosion resistance among others. 316 L Stainless steel is basi-
cally Fe-based alloys containing carbon (C of maximum 0.03%),
chromium (Cr of atleast 16%) and nickel (Ni of atleast 10%).
Homogenous corrosion resistance is the most important character-
istics of stainless steel. Corrosion resistance is not an intrinsic
property but the behavior of material surface in interaction with
environment. Indeed, corrosion resistance is developed in stainless
steel by the formation of passive surface film which acts as a block-
ade between the surface and the surrounding environment. Stain-
less steel doesn’'t possess hexavalent chromium; instead,
chromium is present in metallic form i.e. in zero valency state.
Nonetheless, stainless steel has got bad reputation in body fluid
condition for pitting, intergranular, crevice and fretting corrosion
[4,5] which ultimately succumbs the implant to fail. Not to forget
that corrosion of any kind is responsible for release of various
harmful metallic ions which has adverse effect on human body
and one of such candidate is nickel ions [6,7]. Before getting into
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nickel and the problems associated with it, the applications of 316
L stainless steel and its contemporaries such as Ti-alloys and CoCr
alloys in various aspects of biomedical field is briefed in Table 1.

1.1. The essential negative character of nickel

As discussed earlier, stainless steel is susceptible to localized
corrosion and to many people’s concern; nickel is about 12 to
15% in stainless steel. There are reports of nickel being responsible
for mutagenic and genotonic activities, eczema, itching on skin and
sometime cancer [8-11]. As stainless steel starts to corrode, the
release of metallic ions starts to interact with proteins in the body,
a process known as haptenization. This interaction further devel-
ops hyper sensitive reactions. To start with, the very first allergic
reaction reported over a stainless steel fractured plate was
described to an eczematons rash [12]. Then after, many such issues
were reported and documented when patients suffered swelling,
erythema and problems associated with skin in the periphery of
the implant. Some patients also witnessed soreness and weakness
in general [13]. Although nickel is an essential element for human
functionality but excess of it in the body causes health related
problems. In addition to it, chronic exposure which leads to higher
accumulation of nickel has reported to cause cardiovascular prob-
lems and lung fibrosis [14]. Experimental investigations suggest
that higher nickel intake in body has carcinogenic and teratogenic
potential. For example, nickel is toxic to cardio vascular muscles
when its concentration is above 11.7 ppm. The International
Agency for Research on Cancer (IARC) has pronounced nickel com-
pounds to be carcinogenic to humans [15].

It has been reported that number of women who are affected
from nickel are doubling with every passing year. As per the
assumption made by dermatologists across globe, it is said that
around 20% of young women and 4% of young men are directly
or indirectly have allergies caused due to nickel which is indicated
in Fig. 1 [16].

Considering the adverse effect of nickel on human body, it is of
utmost priority to avoid excessive nickel into human body. And to
cater that, nickel free stainless steel was developed without com-
promising the preferential characteristics of any biomedical alloy
such as good biocompatibility, mechanical strength, corrosion
resistance, non-ferromagnetic and wear resistance among others.
This paper deals with the perilous effects of nickel in human body,
evolution of Ni-free high nitrogen stainless steel (Ni-free HNS),
recent findings in last 10 years and possible windows for further
development in it.

2. Nickel free austenite stainless steel

Development of Ni-free stainless steel has been carried out over
the years. Ni-free martensitic and ferrite stainless steel are ferro-
magnetic in nature but not austenitic ones. In this, nickel is substi-
tuted by nitrogen or manganese or both. Fig. 2 illustrates the

Table 1
Biomedical application of stainless steel and its contemporaries.

Applicable
area

Implant type Biomedical alloys

316 L stainless steel
316 L stainless steel, TiGAI4V,
CoCrMo, Ti6Al7Nb

Otorhinology Artificial eardrum
Cardiovascular ~ Stent

Craniofacial Plates and screws 316 L stainless steel, Ti6AI4V

Orthopaedic Artificial joints, bone  Ti6Al4V, CoCrMo, 316 L stainless
fixation steel

Dentistry Filling, orthodontic AgSn (Cu) amalgam, TiNi, 316 L

wire stainless steel
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Fig. 2. Development of Ni-free stainless steel presented in Schziffer diagram [17].

modified Schziffer diagram where the direction of development
of Ni-free stainless steel is indicated [17]. It is a known fact that
high nitrogen stainless steel can be produced with conventional
melting process that includes ferrite steel with 0.08 wt% and auste-
nitic steel with 0.4 wt% nitrogen [18]. It is both biocompatible and
corrosion resistant, plus it retains austenitic microstructure. It has
showcased better mechanical and fracture properties as well
which to many researchers can be an alternate to AISI 316L stain-
less steel for medical applications [19].

The most commonly used techniques to achieve high nitrogen
steel (HNS) are electroslag melting, plasma arc melting, induction
furnace and powder metallurgy etc. Some of the developments in
this regard are mentioned below.

e P558 is a newly developed alloy with high concentration of
manganese and nitrogen and nickel content as low as <0.02%.
It exhibits excellent wear resistance, high strength and
hardness.
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e Biodur 108 alloy (Carpenter Technology Corporation), Fe-23Cr-
23Mn-1Mo-0.9 N has showcased enhanced yield strength of
606 MPa in annealed condition as compared to 241 MPa yield
strength of AISI 316L stainless steel.

e BIOSSN4 steel (Institute of Metal Research, CAS), 18Cr-15Mn-
2Mo- (0.45-0.7)N has exhibited better wear resistance and bio-
compatibility. It has yield strength and ultimate tensile strength
(UTS) 2-3 times higher than AISI 316L stainless steel.

The chemical composition and mechanical properties of newly
developed Ni-free stainless steel are tabulated in Tables 2 and 3
respectively. Furthermore, Walter el al [20] has demonstrated that
BioDur 108 has similar behavior towards corrosion to that of Bio-
Dur 734 and 22Cr-13Ni-5Mn alloy but performs well compared
to traditional BioDur 316LS. Also, BioDur 108 has greater range
of yield strength compared to BioDur stainless steel alloys as
shown in Fig. 3.

3. Role of nitrogen
3.1. Its effect on corrosion resistance and biocompatibility

Nitrogen is considered to be a significant alloying element in
stainless steel in terms of its performance in corrosive environ-
ment. Its role is vital in the stability of the passive layer for resis-
tance towards pitting, intergranular and crevice corrosion
[21,22]. Literature suggests that nitrogen aids in the widening of
passive layer which reduces the chances of pitting and crevice cor-
rosion [23].

Baba et al. [24] reported that nitrogen on dissolving in austeni-
tic steels increases resistance to crevice corrosion in chloride envi-
ronment. (See Fig. 4(a)). Sakamoto et al. [25] demonstrated that
with increasing level of nitrogen in 25Cr16Ni5Mo2cu enhances
its resistance to crevice corrosion in ferric chloride solution. Amuza
et al. [26] reported that higher nitrogen concentration is effective
for resistance to corrosion because it forms a passive layer of
ammonium ions that decreases the proliferation of corrosion at
the crevice site. Fig. 4(b) shows that with increase in nitrogen con-
tent from 316 L (0%N) to 316LN (0.151%N), the pitting potential
increases. The decrease in passive current and increases in pitting

350

300 -

250

200

-
(4]
o

Yield strength (ksi)

100 Biodur SS 316LS

50

0 L 1 1 1 1
0 20 40 60 80
Percentage cold work

Fig. 3. Yield strength of various BioDur stainless steel alloys [20].

formation of more substantial passive layer due to nitrogen alloy-
ing [27].

HNS is considered to be an alternate to 316L stainless steel
because of its noble biocompatibility [28]. Akiko et al. [29] has
reported higher cell growth in Fe-Cr-Mo-N than 316L and Ni-free
ferrite steel in both static and dynamic condition during cytocom-
patibility test. Similar observation was demonstrated by Ma et al.
[30]. They found that cell growth in HNS was higher than 317L
stainless steel indicating higher cytocompatibility of HNS. Fig. 5
(a) shows the cytotoxicity of 316L stainless steel, Fe-Cr-Mo and
Fe-Cr-Mo-N under worn out condition.

Kinetic clotting time is an indicator of how quickly the blood
clots when it comes in contact with a material surface. It is evident
from Fig. 5(b) that optical density of the blood decreases quickly
when it comes in contact with 317L stainless steel while with
Ni-free HNS, it decreases slowly [31].

4. Status of Ni-free stainless steel in last 10 years

potential with increase in nitrogen concentration is ascribed to the Table 4.

Table 2

Chemical composition of newly developed Ni-free stainless steel.
Stainless steel %C %Cr %Mn %Mo %Si %Ni %N %Cu
BIOSSN4 0.043 179 15.3 2.02 0.02 0.2 0.46 0.66
PANACEA P558 0.2 174 10.18 3.09 043 0.08 0.48 -
24Cr-2Mo - 24 - 2 - - 1.0 -
BioDur 108 0.08 21 23 0.7 0.75 0.3 0.97 0.25
24Cr-1N - 24 - - - - 1.0 -
X13CrMnMoN18 0.13 18 14 3 - 0.05 0.75 0.25

Table 3

Mechanical properties of newly developed Ni-free stainless steel.
Stainless steel Gy uTs Elongation (%) Hardness (Hv)
BIOSSN4 559 938 54 248
PANACEA P588 600 923 54 367
24Cr-2Mo - 1167 45 -
BioDur 108 586 931 52 -
24Cr-1N - 1032 26 -
X13CrMnMoN18-14-3 590 1030 70 259
SS 316L 220-260 500-540 55-65 130-160
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Fig. 4. Effect of nitrogen content in (a) crevice corrosion rate [26] and (b) potentiodynamic polarization [27].

Table 4
Developments in Ni-free stainless steel in last 10 years.
SI Year  Author Materials Methods Findings
No.
1. 2009 Hua-Bing Ni-free HNS Hot rolled HNS was given solution treatment at 1100C Ductility reduced and hardness increases with
et al. [32] for 60 min and quenched decreasing grain size.
2. 2009 Maria et al. Ni-free HNS 316L stainless steel, recycled and Ni-free stainless steel ~ Ni-free stainless steel has the least release of chromium
[33] samples were immersed in artificial saliva of various pH ions compared to others. It was 0.21 £ 0.51 pg/g for Ni-
values (4.2, 6.5, 7.6) and over different interval of time free stainless steel and 0.27 + 0.38 pug/g and
(0.25h,1h,24h,48h and 120 h) 0.52 + 1.088 pg/g for recycled and 316L stainless steel.
3. 2011 Wanet al. Fe-17Cr-15Mn-  Biocorrosion study of Ni-free stainless steel compared to Lower capacitance and higher charge transfer resistance
[34] 2Mo (0.5-1.0)N  AISI 317L in PBS, PBS + albumin, PBS + fibrogen with increase in nitrogen content. Biocorrosion is Ni-free
simulated body fluids stainless steel was lesser than AISI 317L.
4. 2011 Ortiz et al. Stainless steel, 10 samples from each type were submerged in 0.5% fetal ~Cultured fibroblast in stainless steel was 0%, Ni-free
[35] Ni-free stainless bovine serum and kept in a cell incubator stainless steel has the least release of ions. The greatest
steel, Ti-alloys damage in DNA was reported in stainless steel followed
by Ni-free stainless steel.
5. 2012 Maetal [36] Ni-free HNS and Cytocompatibility test of HNS and AISI 317L was HNS showcased better cell growth and adhesion. Surface
AISI 317L performed. The samples were solution treated at 1353 K energy of HNS increased with increasing nitrogen
for 60 min concentration.
6. 2013  Erisir et al. DIN EN 1.4452 Study of hot deformation behavior using Thermo-Calc Optimum hot deformation was recorded in 1323 K to
[37] software 1523 K temperature range.
7. 2013 Erfan et al. Medical grade Samples were prepared using powder metallurgy. Pitting corrosion was lower in Ni-free HNS.
[38] stainless steel Electrochemical behavior was studied in SBF (pH value
and Ni-free HNS 7.4)
8. 2013 Cuietal [39] 0Cr-17Mn- Samples were prepared using powder injection Sintering temperature was suggested to be the most
11Mo-3 N moulding. Sintering optimization was performed important parameter, With increase in temperature,
mechanical properties enhances but nitrogen content
decreases.
9. 2014 Chaoetal. Fe-16Cr-Mn- Corrosion test was conducted using potentiostat (EG & Stable Cr,05 passive film was formed which causes
[40] Mo-N G263A) immersed in NaCl solution. The composition was  decrease in corrosion. Increase in the manganese content
analyzed using ICP-AES in HNS exhibited less resistance to corrosion.
10. 2015 Berezovskaya 06Kh18AG19M2 Hot plastically deformed samples were pressed in The hardness of the steel doubles after during the
et al. [41] (0.81%N) equichannel angular pressing with 120C intersection treatment. Twinning and dislocation slip were observed
angle in the samples.
11. 2015 Shaoetal. Fe-18Cr-18Mn-  Samples were electropolished before fatigue test Crack initiation starts at lower amplitude along the slip
[42] 0.63N performed on the Instron 8801 servo hydraulic testing ~ band, grain boundaries and twin boundaries.
rig
12. 2016 Vashistha E308, E309, Hot rolled, milled samples were annealed at 1050C for 111, 200, 220 peaks confirms y-austenite and
et al. [43] E310 60 min followed by water quenching. The microstructure manganese acted as a stabilizer. It is seen that 5-Fe was

was studied using XRD

decreased.
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Sl Year  Author Materials Methods Findings
No.
13. 2016 Lietal.[44] Ni-free HNS Samples were annealed at 1080C for 60 min followed by In the presence of P.aeruginosa film on the surface, the
water quenching before electrochemical measurement corrosion accelerated in Ni-free HNS.
using a potentiometer
14. 2016 Zhao et al. NFHNSS Samples were annealed at 1150C for one hour followed The structure was austenite with no evidence of strain-
[45] by water quenching and cold rolling at RT. Cyclic induced martensite. Corrosion resistance remained same
polarization test was performed in a potentiostat. Wear  after cold rolling. Abrasive wear mechanism was
test was also performed observed during wear test.
15. 2017 Sunetal. [46] Ni-free HNS Tensile test The sample showcased two stage strain hardening
behaviour.
16. 2018 Qlao et al. Ni-free HNS Graphical abstractCavitation tests were conducted in The corrosion potential of HNS shifted in positive
[47] 0.5 mol/L HCL and distilled water solution at 25 °C in direction. The dominant factor of CE damage was the
Sonicator XL 2020 mechanical attack.
17. 2018 Naik et al. Ni-free HNS PMEDM of Ni-free stainless steel using TOPOSIS method. Optimum setting for higher MRR and lower TWR at OC
[48] was obtained at 6 A peak current and 10 us pulse on time
at 3 g/It powder concentration.
18. 2019 Zhang et al. Cold rolled Ni- Nanoindentation and creep test at a loading rate of 100  Creep deformation, creep stress and creep strain were
[49] free HNS uN/s to peak load of 600 uN and held constant for 1200 s observed to develop in cold rolled HNS.
19. 2019 Yangetal. HNNFS, 316L Samples were treated with water for 60 min at 25 °C, The corrosion rate of HNNFS was reduced to 1/20 of the
[50] stainless steel 50 °C, 75 °C and 95 °C and at 95 °C for 10 min, 60 min, untreated HNNFS and 1/3 of 316 L stainless steel.
300 min and 600 min in nitric acid solution
20. 2019 Renetal [51] Ni-free HNS Biomechanical study and finite element analysis of light Ni-free HNS has better strength and fixation ability than
weight Ni-free HNS fracture plate 316L stainless steel to accelerate healing of the femur
bone. Ni-free HNS plate with 18% less thickness is
showcasing same mechanical properties of 316L
stainless steel.
21. 2019 |Ibrahim et al. Ni-free HNS Amorphous metallic glass cladding on Ni-free HNS Hardness of the sample is 1300 Hv (around 6 times

[52]

more) than 316L stainless steel

5. Further possibilities with Ni-free stainless steel

There is enough literature to suggest that Ni-free HNS exhibit
least release of metal ions compared to 316L and 317L stainless
steel. But still its usability is restricted in implant applications for
the reason it has much higher modulus of elasticity compared to
traditionally used grade-5 Ti6Al4V. For an instance, modulus of
elasticity of femur bone is around 12 GPa and metallic alloys such
as Ti6Al4V and CoCrMo alloy have 110 GPa and 225 GPa respec-
tively. It can be clearly seen that Ti6Al4V has closer modulus of
elasticity to bone’s modulus of elasticity followed by stainless steel
and CoCr alloys, so Ti6Al4V has a clear advantage over the other
alloys in this regard. Implant material with higher modulus of elas-
ticity accelerate stress shielding effect in the femur bone [53,54].
One of the possible works that can be carried out is increasing
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the porosity of Ni-free stainless steel. One of the problems associ-
ated with porous materials is its susceptibility towards wear. To
overcome the same, hard biocompatible coatings such as TiN
[55], TiAIN [56], AICrN [57] and DLC [58] materials can be coated
on the porous alloys.

6. Conclusions

The biocompatibility of austenite stainless steels has been
established over the years. Although release of nickel ions has
adverse effects on human body but still stainless steels have got
fair and restrained applications in biomedical field. Development
in Ni-free stainless steel with high nitrogen content with subse-
quent annealing of it has shown promising results in mechanical,
wear and corrosion properties. HNS is showing promising results
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in resistance to crevice corrosion, kinetic clotting and reduced
cytotoxicity. The wide gap and mismatch in elastic moduli of stain-
less steel and surrounding bone can be dealt with increasing the
porosity of stainless steel implant which subsequently leads to
bone growth and prevent osteogenesis. Also, to further enhance
the resistance to wear and corrosion, hard biocompatible hard
coatings such as TiN, TiAIN, AICrN and DLC among others can be
applied on the implant’s surface.

Acknowledgement

The authors would like to thank TEQIP-III, National Institute of
Technology Silchar, Assam for providing helping hands to carry out
the study.

References

[1] M. Sumita, Y. Ikada, T. Tateishi (Eds.), Metallic Biomaterials— Fundamentals
and Applications, ICP, Tokyo, 2000, p. 629.

[2] Annual Book of ASTM Standards, Section 13 Medical Devices, 2000.

[3] J. Hilkes, K. Bekkers, Weld. J. 74 (1995) 51-54.

[4] U. Kamachimudali, T. Sridhar, B. Raj, Sadhana 28 (2003) 601.

[5] 1. Gurappa, Mater. Charact. 49 (2002) 73.

[6] M. Pulido, A. Parrish, Mutat. Res. (2003), 533-227 Pulido M and Parrish A,
Mutat Res. 533 2003 227.

[7] T. Eliades, H. Pratsinis, D. Kletsas, G. Eliades, M. Makou, Am. ]. Orthod.
Dentofacial Orthop. (2004), 125-24.

[8] IARC monographs on the evaluation of carcinogenic risks to humans, Surgical
Implants and Other Foreign Bodies, vol. 74, World Health Organization (WHO),
Lyon, 1999, pp. 65.

[9] S. Shimohira, Materials science of corrosion and corrosion protection, Fusyoku-
Bousyoku-no-Zairyou-Kagaku, Agune Gijyutu Center, Tokyo, 1995, p. 213.

[10] G.O. llevbare, G.T. Burstein, Corros. Sci. 43 (2001) 485.

[11] L. Thomann, ]. Uggowitzer, Wear 239 (2000) 48.

[12] J. Foussereau, P. Laugier, Trans. St. Johns Hosp. Dermatol. Soc. 52 (1966) 220.

[13] J. Wataha et al., ]. Biomed. Mater. Res. 58 (2001) 537.

[14] W. Bal, H. Koz@owski, K. Kasprzak, ]. Inorg. Biochem. 79 (2000) 213.

[15] International Agency for Research on Cancer 1990 IARC monographs on the
evaluation of carcinogenic risks to humans Chromium, Nickel and Welding
(Lyon: IARC) pp 49.

[16] Speidel M.O. Uggowitzer P.J. 1998 Materials in Medicine: Biocompatible
Nickel-Free Stainless Steels to Avoid Nickel Allergy (vdf Hochschulverlag AG
an der ETH Ziirich) pp. 191.

[17] J. Menzel, W. Kirschner, G. Stein, ISIJ Int. 36 (1996) 893.

[18] K. Yang, Y. Ren, Nickel-free austenitic stainless steels for medical applications,
Sci. Technol. Adv. Mater. 11 (2010), 13 (014105).

[19] Mohd Talha, C.K. Behera, O.P. Sinha, Mater. Sci. Eng. C 33 (7) (2013) 3563-
3575.

[20] M. Walter, Adv. Mater. Process. 4 (2006) 84.

[21] R.C. Newman, Y.C. Lu, R. Bandy, C.R. Clayton, in: Proc. of the Ninth Intl.
Congresson Metallic Corrosion, vol. 4, National Research Council, Ottawa,
Canada, 1984, pp. 394.

[22] U.K. Mudali, R.K. Dayal, J.B. Gnanamoorthy, P. Rodriguez, Mater. Trans. JIM 37
(1996) 1568.

[23] M.A. Streicher, Mater. Perform. 22 (1988) 37.

[24] H. Baba, T. Kodama, Y. Katada, Corros. Sci. 44 (2002) 2393-2407.

[25] T. Sakamoto, H. Abo, T. Okazaki, T. Ogawa, H. Ogawa, T. Zaizen, Alloys for the
Eighties, Climax Molybdenum Co., USA, 1980, p. 22.

[26] S. Azuma, H. Miyuki, T. Kudo, ISIJ Int. 36 (1996) 793.

[27] ]J.B. Lee, S.I. Yoon, Mater. Chem. Phys. 122 (2010) 194-199.

[28] P. Wan, Y. Ren, B. Zhang, K. Yang, Mater. Sci. Eng. C 30 (2010) 1183-1189.

[29] A. Yamamoto, Y. Kohyama, D. Kuroda, T. Hanawa, Mater. Sci. Eng. C 24 (2004)
737-743.

[30] T. Ma, P. Wan, Y. Cui, G. Zhang, J. Li, J. Liu, Y. Ren, K. Yang, L. Lu, J. Mater. Sci.
Technol. 28 (7) (2012) 647-653.

[31] J.Y. Chen et al., Biomaterials 23 (2002) 2545.

[32] L. Hua-bing, J. Zhou-hua, Z. Zu-rui, Y. Yan, ]. Iron Steel Reas. 16 (2009) 58-61.

[33] M.F. Sfondrinia, V. Cacciafestaa, E. Maffiab, S. Massironib, A. Scribantea, G.
Albertic, R. Biesuzc, C. Klersyd, Angle Orthodontist 79 (2009) 361-367.

[34] P. Wan, Y. Ren, B. Zhang, K. Yang, Mat. Sci. Engg. 32 (2012) 510-516.

[35] AJ. Ortiz, E. Fernandez, A. Vicente, J.L. Calvo, C. Ortizd, Am. J. Ortho. Dent.
Ortho. 140 (2011) 115-122.

[36] T. Ma, P.Y. Cui, G. Zhang, ]. Li, ]. Liu, Y. Ren, K. Yang, L. Ly, J. Mater. Sci. Technol.
28 (2012) 647-653.

[37] E. Erisir, U. Prahl, W. Bleck, Metall. Mat. Trans. 44 (2013) 5549-5555.

[38] E. Salahinejad, M.J. Hadianfard, D.D. Macdonald, S. Sharifi-Asl, M. Mozafari, K.J.
Walker, A.T. Rad, S.V. Madihally, L. Tayebi, Med. Grade Stainless Steels 8 (2013)
1-8.

[39] D.W. Cui, X.H. Qu, P. Guo, K. Li, Powder Metallurgy 53 (2010) 91-95.

[40] K.L. Chao, H.Y. Liao, JJ. Shyue, S.S. Lian, Metall. Mat. Trans. 45 (2014) 381-391.

[41] V.V. Berezovskaya, Y.A. Raskovalova, E.A. Merkushkin, R.Z. Valiev, Metal Sci.
Heat Treat. 57 (2016) 656-662.

[42] C.W. Shao, F. Shi, X.W. Li, Metall. Mat. Trans. 46 (2015) 1610-1620.

[43] H. Vashishtha, R\V. Taiwade, R.K. Khatirkar, A.S. Dhoble, Sci. and Tech. of
Welding and Joining, 21 (2016) pp. 331-337.

[44] H. Li, E. Zhou, Y. Ren, D. Zhang, D. Xu, C. Yang, H. Feng, Z. Jiang, X. Li, T. Gu, K.
Yang, Corros. Sci. 111 (2016) 811-821.

[45] H.C.Zhao, Y. B. Ren, J. H. Dong, X. M. Fan, K. Yang, Acta Metall. Sin. (Engl. Lett.),
29 (2016) 217-227.

[46] G. Sun, A. Yu, S. Sun, C. Ji, Z. Jiang, ]. Lian, Mat. Sci. Tech. 33 (2017) 1635-1644.

[47] Y. Qiao, Z. Tian, X. Cai, J. Chen, Y. Wang, Q. Song, H. Li, Tribol. Lett. 67 (2019) 1-
9.

[48] D.K. Naik, A. Khan, H. Majumder, RK. Garg, Silicon 11 (2019) 899-907.

[49] X. Zhang, S. Sun, G. Sun, S. Han, Z. Jiang, J. Lian, Mat. Sci. Tech. 35 (2019) 1592-
1599.

[50] Y. Yang, Q. Wang, ]. Li, L. Tan, K. Yang, Mater. Lett. 251 (2019) 196-200.

[51] Y. Ren, H. Zhao, K. Yang, Y. Zhang, Mat. Sci. Engg. 101 (2019) 415-422.

[52] M.Z. Ibrahim, A.A.D. Sarhan, T.Y. Kuo, F. Yusof, M. Hamdi, Mater. Chem. Phys.
235 (2019), 121745.

[53] M. Sivashankar, K. Reddy, S. Banerjee, S. Dwivedi, Indian J. Biomech. 3 (1-2)
(2012) 13-19.

[54] Z.Q. Hang, A. Cossey, T. Jie, Med. Eng. Phys. 38 (2016) 1481-1488.

[55] E. Mohseni, E. Zalnezhad, A.R. Bushroa, A.M. Hamouda, B.T. Goh, G.H. Yoon,
Ceram. Int. 41 (2015) 14447-14457.

[56] P.Yi, L. Peng, ]. Huang, Mater. Sci. Eng. C 59 (2016) 669-676.

[57] M. Chen, D. Wu, W. Chen, S. Zhang, Thin Solid Films 612 (2016) 400-406.

[58] G. Gotzmann, J. Beckmann, C. Wetzel, B. Scholz, U. Herrmann, ]. Neunzehn,
Surf. Coat. Tech. 311 (2017) 248-256.

Please cite this article as: L. Patnaik, S. Ranjan Maity and S. Kumar, Status of nickel free stainless steel in biomedical field: A review of last 10 years and
what else can be done, Materials Today: Proceedings, https://doi.org/10.1016/j.matpr.2019.12.205



http://refhub.elsevier.com/S2214-7853(19)34235-X/h0005
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0005
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0005
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0005
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0005
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0015
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0020
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0025
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0030
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0030
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0035
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0035
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0045
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0045
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0045
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0050
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0055
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0060
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0065
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0070
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0070
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0085
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0090
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0090
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0095
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0095
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0100
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0110
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0110
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0115
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0120
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0125
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0125
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0125
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0130
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0135
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0140
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0145
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0145
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0150
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0150
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0155
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0160
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0165
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0165
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0170
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0175
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0175
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0180
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0180
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0185
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0190
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0190
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0190
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0195
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0200
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0205
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0205
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0210
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0220
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0220
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0230
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0235
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0235
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0240
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0245
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0245
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0250
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0255
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0260
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0260
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0265
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0265
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0270
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0275
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0275
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0280
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0285
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0290
http://refhub.elsevier.com/S2214-7853(19)34235-X/h0290
https://doi.org/10.1016/j.matpr.2019.12.205

	Status of nickel free stainless steel in biomedical field: A review of last �10 years and what else can be done
	1 Introduction
	1.1 The essential negative character of nickel

	2 Nickel free austenite stainless steel
	3 Role of nitrogen
	3.1 Its effect on corrosion resistance and biocompatibility

	4 Status of Ni-free stainless steel in last 10years
	5 Further possibilities with Ni-free stainless steel
	6 Conclusions
	Acknowledgement
	References


