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Applications
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Newnickel-free CrMnMOaustenites with up to I •/• nitrogen developed by VSGexhibit properties which
correspond particularly well to medical engineering requirements. The combination of strength, toughness,

corrosion resistance, wear resistance and cost-efficiency which these alloys display is not attained by any
other material.
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1. Introduction

Allergies figure amongthe illnesses which are under-

going a dramatic increasel) (Fig. 1). In this connection
nickel ions are the most commoncontact allergen.

Statistics showthat today between10 and20 o/o ofwomen
and 2o/o of the male population are affected. A nickel

allergy triggers visible inflammatory reactions on the

skin and mucousmembranesin the form of red patches

or, in the worst case, eczema.
As well as other nickel-containing alloys the conven-

tional 18/lO CrNi steels in particular are suspected of

triggering nickel allergies on contact with the human
body. A particularly contentious area is their use in

surgical and dental prosthetics as although these alloys

are resistant to general surface corrosion they are not
resistant to local forms of corrosion such as pitting,

crevice corrosion and stress corrosion. This increases

both the release of potentially reactive nickel ions aind

also the risk of cracking. Alternative materials such as
titanium and cobalt alloys to a large extent also contai'n

considerable amountsof nickel and are, without excep-
tion, extremely expensive.

Onthe basis of the problem described above legislation

has been introduced in somecountries of the European
Communityand in the U.S.A, in order to restrict the

use of nickel-containing materials for applications on
and in the humanbody.

2. Objective

An important and urgent task of material research is

to develop economicalternatives to the nickel-containing

austenites which meet the following requirements:

e High strength and good toughness in order to ensure
shape stability and protection against breakage with

the associated risk of injury.

e

o

e

Sufficient bending fatlgue strength in order to guar-

antee the necessary processing properties and protec-

tion agalnst fatigue fracture.

Goodcorrosion- andwear-resistance in order to keep

the release of harmful alloy componentsto a mini-

mumand to prevent fractures arising through local

corrosion.

Surface finish.

1991 1992 1993
[] Allergic skin diseases'
~~] Occupational allergic disease, general'

* Thefigures given here reiate exclusively to membersof the

industrial employees' accident insurance association and
represent only a fraction of cases actually treated at medleal

practices and dermatological clinics.

Fig. l. As the example of the industrial employees' accident

insurance association shows, the expenditure for

illnesses caused specifically by skin allergies is in-

creasing sharply,
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e Availability and price.

3. Developmentof a NewGeneration of Biocompatible

Materials

Onthe basis of the requirements described above the

fol]owlng parameters derived for the development of a
newalloy:

e Nickel-free.

e Highest possible strength, also in solution-annealed

condition, through Interstitia] and substitutional solid

so]ution hardening, and through the finest-gralned

recrystallizatlon microstructure posslble. Preclpita-

tion hardening Is not suitable owing to the loss of
toughness and corrosion-resistance.

e High resistance to both stress corrosion and pitting

(resist'ance to pitting: PRE2~;o/oCr+3.30/0M0+
,_50/0N).

e Adequate toughness over entire strength range (free

from ~-ferrite, (r-phase and precipitations).

• Goodcold-formability and high potential for strain

hardenlng withoLut the formation of martensite.

e A magnetic behaviour i.e, stable austenltic micro-
structure.

e Very high degree of purity to make possible a
high-qua]ity surface finish (polishability) required of
the final product.

Thedeve]opmentof nickel-free austenites wasbased on
the good experience gained with other nitrogen bearing
steels. 2.3) In this connection the influence of the following
alloying elements wasconsidered and examined:

Nitrogen in solid solution enhances the hardness,

strength and corrosion resistance, and causes a large

potential for strain hardening and strong austenite

stabilization. Since with high nitrogen contents the

toughness and corrosion reslstance fall drastically as a
result of unavoidable Cr2Nprecipitatlons the upper lhTlit

of the technical appropriate nitrogen content has to be
determined.

Chromiumis the main alloying element for corrosion-
resistant steels and at a minimumcontent of 13 o/o leads

to passivation. Aschromiumcauses a hlgh level of ferrite

formation, very high contents are problematic on ac-

count of the necessary austenite stability. Thechromium
portion contributes significantly to the increase in

nitrogen solubility.

Manganesealso increases nitrogen solubility and as-
sists in stabilizing the austenitic microstructure. Unlike
nickel, manganeseis an essential trace element for the

humanbody and is thus biocompatible.

Molybdenumdistinctly increases nitrogen solubility

but primarily leads to a marked improvement in cor-
rosion resistance properties. However, Iike chromium,
higher molybdenumcontents lead to the formation of
~-ferrite and a-phase.

Carbon has a negative influence on corrosion resis-

tance and nitrogen solubility and should be kept to a
minimum.

Nickel should be present only in traces as an impurity,

A content of less than 0.20/0 corresponds to medical
requirements.
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Ni contents markedly less than 0.20/0 Iead to con-
siderable additional costs in the steel meltshop as only
build-up heats are possible.

4. Nitrogen Metallurgy

In order to achieve the high nitrogen content aimed
for it is possible to influence two factors which are
described using Sievert's square root law (Fig. 2).

According to this, nitrogen solubillty dependson the one
hand on the composition of the alloy and on the other

on the partial pressure of the nitrogen. In Armcoiron

only 0.040/0 Ncan be disso]ved at normal atmosphere
(1 bar). Flgure 2 shows the influence of the alloying

elements on nitrogen solubility. The highly so]ubi]ity-

promoting e]ements V, Nband Ti cannot be added in

significant amounts as they are very powerful nitride

formers. It immediately becomesclear, therefore, that

FeCrMnMoalloys are a suitable solution.4) Figure 3
showsthe typical solubillty ratios for Armcoiron, a 13o/o

Cr steel and a CrMnaustenite. It is clear that:

e Cr and Mnstrongly increase solubility.

0,0396
Sievert's : [%N] = fN

* ~rl2

log fN = ec** [%Cr] + e * [%C] +

element eN element

c +0.1 25
Si +0,065 reduced

solubility

Ni +a.ol

w -0.001 5
Mo -a,ol

Mn -0.02

Cr -a,a45
enhanced
solubility

v -a,1 1
Nb -0.06

T' -o,053

SOIUbIIIty

enhanced
solubl IIty

Fig. 2. Sievert's law and parameter for the calcu]ation of the

nitrogen solubility at 1600'C.
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e Thesolubilityinthe heatislower than in the austenite

but higher than in the ~-ferrite, wlth the correspond-

ing result that loss of nitrogen can occur in the

solidification interval and porosity in the case of

8-ferrite formation.

e The solubility in the austenite increases as the tem-

perature decreases, which is of significance in respect

of heat treatments. In this temperature range at

normal atmosphereno nitrogen removal takes place.

The second influential factor in determining the

nitrogen content is, as mentioned above, the partial

pressure of the nitrogen. As shownin Fig. 2the nitrogen

content increases by the square root of the partial

pressure. For the secondary metallurgical manufacture
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Frg 4. Schemeof the

ment.

pressure-electro-slag-remelting equip-

of steels with a high nitrogen content, melting and
solidification under pressure are therefore appropriate.

VSGEnergie- and Schmiedetechnik GmbHoperates

the world's first and to date only large-scale plant for

the nitrogen alloying of metals under pressure5) (Fig. 4).

ThePESR(pressurized electr0S1ag remelting) process is

the sameas the ESRprocess but is carried out in a closed

vessel under pressure. The remelting unit consists of a
split pressure vessel. Thelower part of the pressure vessel

contains the water-cooled copper crucible, the upper part

contains feeder locks for the addition of the nitrogen

carrier, safety devices and the bushing for the water-
cooled electrode rod. The nitrogen is added continu-

ally in the form of solid nitrogen-bearing additlves

durlng the remelting process and descends through
the molten slag to reach the metal phase. The pressure
in the system serves solely to retain the nitrogen intro-

duced to the pool of molten metal.

Figure 5showsthe highly austenite-forming character

of the nitrogen by wayof a modified Schziffier diagram.

Through the addition of I o/o Na purely ferritlc alloy is

rendered completely austenitic.

Thedirection taken in developing the alloy is presented

schematically In Fig. 6. Owingto the opposing require-

ments of austenite stability and good corrosion resis-

tance usually achieved using the ferrite-forming elements

chromiurn and molybdenumthe alloy development is

always in the y-area, along the border line of the y+0e

area. Nitrogen ideally increases both austenite st,ability

and corrosion resistance and prevents the formation of

cF-phase.

5. Precipitation Behaviour of the N-alloyed CrMn
Austenites

The interstitia] dissolution of the nitrogen and the

homogeneousdistribution of all the alloying elements

are of decisive importance for virtually all the key
properties of these steels. Depending on composition,

high-alloyed nitrogen austenites can be susceptible to the

formation of chromiumnitrides, 8-ferrite and cF-phase.

As shownin Fig. 7, the microstructure is influenced by
various alloying elements. What is striking is the fact

that those elements which increase the formation of
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Infiuence of nitrogen on crystalline structure.
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Development of biocompatible nitrogen-austen-

ites.

Influence of alloying elements on the

precipitation behaviour of nitrogen-
austenites.
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Temperature dependenceof cr-phase formation.

chromiumnitride precipitation reduce the formation of
cr-phase and vice versa. The elements Nand Mohave a
particularly strong influence here. Figure 8showshow
the susceptibility to sigma-phase formation increases as
the Mo and Cr contents are increased as planned.
Increasing Ncontents on the other hand promote the

preclpitation of chromium nitrides, which, however,
owing to the higher solubility are far less pronounced
in the CrMnaustenites than in the CrNi austenitcs
(Fig. 9). Figure 10 gives an impresslon of the time scale

for precipitate formation as a function of temperature
and Ncontent. Photomicrographs illustrate the micro-
structures:

Fig, I Ia): Optimally solution-annealed austenitic mi-
crostructure

Fig. Ilb): Austenitic microstructure with Cr2Nprecipi-

tates in the form of "nitrous pearlite," pre-
cipitated on cooling from the solution an-
nealing temperature in the temperature

range between980 and 700'C.
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Possible causes: Ncontent too low or !V..
~

Cr/Mo content too high.

Theinfluences of the alloying elements described above

makeit clear that it is only possible to attain a pre-
cipitate-free, homogeneousmicrostructure with a very
well balanced combination. It is clear from Fig. 12 that

key properties are connected to this very prerequisite. A
drastic reduction in fracture toughness and corrosion

resistance is linked with the occurrence of (T-phase and
Cr nitrides. The nitrogen content limits, within which

1400

1300

-o 1200

L 1100
o*=

1000

~ ~""c:i •*~
*o~ 800

E 700
oh 600

500

400

Adl

L

Ill

I

l I 36 sec
I

6h lh 6min

o 0.5 1 2 2.51.5

N content [olo J
Fig. lO. After isothermal annealing nitride formation in

l8Cr 18Mn-austenites.

~:"i~~.

1o0: 1

c)

~"

,,~~~ f

500:1

~=
,~ :~ ~~ ~ c~

a)

1o0: 1

1O0:1

500:1

500:1

897

Fig. Il.

a) Solution heat treated

b) Nitrogen pearlite

c) Formation of (T-phase.

,O 1996 ISIJ



ISIJ International, Vo].

'D

o
=
c5

u)

cn
(D

s:

O
,o

O

O
o
u)
u,
a,

c
J:
O)
::

O
H

i J
I I
I I
l l
I l

J
~
I
l

l
~
I
[
l l
~ I
I

11--f ~

Y+ sigma ! Y h-~
! Y+ cr2N

Nitrogen content

Fig. 12. Materi'als properties, depending on the precipitation

state.

1200
austenitic stainless steelS

Fe-Cr-Ni - Mn-N. C= 0.03 %
1100

1000 /
l'

_ goo
.lee /

a / llQ.
Z, 800 D=50pm~

/(b$/
C~ 700 Io /o'~ etee~• l\Q~ 600

' D= 150 pm
=o'

500 51
c
2 400
g,

1 300 \
o more than 100 datapoints

> 200

100 Rp02 127+307{~l+(7+78y.N)'1
VO1

O
0.2 04 O,G O~ 1.0 1,2 14 1.6

nitrogen, weight percent

Effect of nitrogen in solid solution.

36 (1996), No.

1400

7

1200

~1000
=

~ 800
OE:

J:
~o,
= 600,D

,o

1:

~ 400
>

200

o

18-22Cr, 6-1 8Mn, 0-6Ni

JL 0.81N

e 0.59N
I 0.21N

20"C

ARp= Ky D-112

Fig. 14.

o
o_
:~

'~
o(

J::

o)
c:

~
I;

>'

o 2 4 6 8 10 12

Grain Size D-1/2 [mm'l/2 J
Influence of nitrogen on the Hall-Petch-Equation.

2000

1500

1000

500

l e 1107N' 18crl 18Mn /eloo 0'79NI 18cr' 18Mn

/I o 0'59NI 18cr' 18N~//;:/l
l
l
l ee~l eo/o lll~;/~!///;~/;/~/~//~:;~o'

l('o

t'

~e~(~1~// /

(' 0131NI 18cr' 12wn

oo't~~l~~(~

o 0125Nt 18cr' 7Mn
o

auay 504' 310' 316

o

Fig. 13.

homogeneousaustenite is present, are of course depen-
dent on the content of the other alloying elements and
are therefore presented only schematically.

ACrMnMOaustenite with approx. 18 o/o Cr, 18o/o Mn,
20/0 Moand 0.90/0 Nhas proved to be an alloy with
balanced properties. For anevenmorecorrosion resistant

variant the Mnand Cr contents were reduced and the

Mocontent increased (150/0 Cr, l0-150/0 Mn, 40/0 Mo
and 0.9 o/o N).

6. Properties

Whilst the conventional CrNi steels exhibit yield

strengths of below 300MPain the solution-annealed
state, the nitrogen austenites have morethan double the
strength at over 600MPa.Figure 13 showsthe influence
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Fig. 15. Effect ofthe Nin solid solution after cold deforma-
tion.

of the nitrogen content on the strength of austenites

under the condition that the nitrogen is present in

interstitially dissolved form. Theinfluence of the nitrogen

on yield strength can be estimated by meansof the

modified Hall-Petch equation. It becomesclear that the

nitrogen influences not only the frictional stress (7j but
also the grain boundary resistance ky. This relationship
is shownin Fig. 14. In the nitrogen austenites the increase

in strength is associated with an increase in toughness

-A~ values of morethan 300Jare attained (determined

on ISO-V-specimens).

As well as the increase in strength in the solution-

annealed state the nitrogen also has a positive effect on
cold-formability (Fig. 15). Whilst with the conventional

CrNi steels the co]d forming curves reach saturation point

at a maxirnum 1300MPa(shaded area), the nitrogen-
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Breakdown-potential of different aus-
tenltic steels in H2S04-solution with in-

creasing Cl ~ -contents
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Fig. 17. Improvement in corrosion resistance, Iinked to the

increase In chromium, molybdenumand especially

nitrogen content.

alloyed 18/18 CrMnsteels permit yield strengths of up
to 2500MPa.

Of particular significance for the use of metallic

materials which are to comeinto contact wlth the human
body is corrosion resistance. High corrosion resistance

ensures that the release of harmful metal ions is min-

imalized and that material breakage caused by local

corroslon is prevented. Figure 16 shows the breakdown
potentials of the nitrogen-alloyed 18/18 CrMnsteels

comparedwith a numberof conventional 18/lO CrNi
steels. It can be clearly seen that even the a]10ying variant

with N and Mocontents of as little as 0.8 and 20/0,

respectively, exhibits a previously unattained breakdown
potential of approx. 1500mV,even under extreme stress

in 21Tl NaC1soiution. The hlgh corrosion resistance is

attributable in particular to the effect of the nitrogen,

which in conjunction with the elements chromiumand

molybdenumachieves 20 to 30 times the effect of

chromium. Accordingly the formula for combatting

pitting and crevice corrosion is

899
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Fig. 18. Magnetic permeabrlity afte*' cold working,

PRE~; o/oCr+ 3.3 '/o Mo+25 o/o N
Theformulae for the nitrogen austenltes are thus around
50, whilst even molybdenum-alloyed i8/lO CrNi steels

scarcely reach 30. Thus, in aerated 6o/* iron-III-chloride

so]ution critical crevice corrosion temperatures of

approx. 50'C derive for the nitrogen austenites whilst

the temperatures for the 18/lO austenites are below O'C
(Fig. 17).

A further characteristic property of the 18Cr/18Mn
austenites is their extremely low magnetisability. This is

attributable to the strong austenite-stabilizlng effect of

the nitrogen, whlch prevents martensite from forming,

even under the toughest cold-forming conditions or
cryogenic cooling. The value for the magnetic perme-
ability remains constant throughout at ~,= 1.004 (Fig.

18).

By adapting the composition of the alloy to the re-

spective applic'ation the prospect exists of substituting

both conventiona] CrNi steels and Ti and Co special

'alloys in virtually all areas of appiication.
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7. Applications

The great economic significance of the new alloys

becomesevident whenone considers the broad area of

applications which involve the humanbodycoming into

contact with metallic materials and in which nickel is

thus undesirable. The range extends from fashion

jewellery through applications in the clothing industry,

Fig. 19.

Infiuence on microstructure after degassing.

wristwatch casings and other metallic

objects worn next to the skin, to surgical and dental

applications such as medical instruments, applications

and needles, temporary and permanent implants for

dental correction and for stabilizing bone fractures.

Aspecial application as a structural material suggests
itself for these alloys on account of their extremely low
magnetizability and the dependenceof the magnetiz-
ability on the Ncontent (Fig. 19 austenite/ferrite ratio).

Amagnetic behaviour is a prerequisite for instruments

which are used, for example, for examinations in strong
magnetic fields (nuclear spin tomography). Magnetiza-
ble materials lead to major distortion of the graphic

representation (irradiation) whilst amagnetic materials

are represented with very little contrast. Throughtargeted

treatment of the amagnetic instrument surface with laser

or electron beams,which leads to local nitrogen leakage

and thus to the conversion of austenite into ferrite, all

representations of the contrast are possible (Fig. 20).
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