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Description
Technical field

[0001] The invention relates to a method for solution
hardening of a cold deformed workpiece of a passive
alloy. The method provides a hardened alloy in which
substantially no carbides and/or nitrides are formed. The
method also provides a corrosion resistant surface while
retaining the core strength of the material obtained from
the cold deformation. The invention further relates to a
member produced by the method. Such members are
particularly relevant in the fields of medico, food, auto-
motive, chemical, petrochemical, pharmaceutical, ma-
rine, package, watches, cutlery/tableware, medical, en-
ergy, pulp & paper, mining, or waste water technology.

Background

[0002] Stainless steel and other passive alloys are typ-
ically materials with good corrosion resistance, but with
relatively poor tribological characteristics, e.g. adhesive
wear characteristics. To solve this problem stainless
steel and comparable alloys can be surface hardened at
low temperature (below 450-550°C) by dissolution of ni-
trogen and/or carbon, by which is obtained a zone of so-
called expanded austenite or alternatively expanded
martensite. This zone is a supersaturated solution of car-
bon and/or nitrogen in austenite or martensite and is
metastable with respect to carbide/nitride formation.
Such low temperature processes can be based on gas,
plasma or molten salt; gas processes require use of spe-
cial activation techniques, whereas for plasma and salt
bath activation is immediately achieved and no special
treatment is necessary. Thereby a surface zone is ob-
tained in the material, which surface zone contains large
amounts of nitrogen and/or carbon; this is due to the rel-
atively low process temperature. The material thereby
becomes surface hardened and retains its corrosion re-
sistance. Most passive alloys, such as stainless steel,
however cannot immediately be solution hardened with
nitrogen and/or carbon, since these passive alloys have
an impermeable oxide layer, also called the passive lay-
er, which is the reason for the good corrosion character-
istics, but which prevents solution of e.g. nitrogen and
carbon. Special techniques for removal of this passive
layer are therefore required. These techniques are
known to the skilled person.

[0003] Most employed technological components are
used in a machined condition, which means that the ma-
terial is inhomogeneously cold deformed (plastically de-
formed). In many applications such cold deformation is
desirable from a component-strength-consideration; the
component would not work if it did not have the strength
increase from the work hardening induced by cold defor-
mation. This creates a big problem if such cold machined
components are surface hardened in a low temperature
process, so that the surface is changed to expanded
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austenite or martensite under uptake of nitrogen and/or
carbon. The presence of plastic deformation (defects in
the microstructure) in the material implies that nitrides
and carbides develop easier by reaction of nitrogen and
carbon with e.g. chromium (Cr), which is an alloying el-
ement in stainless steel. Consequently an amount of Cr
is removed from solid solution and bound as chromium
nitride/chromium carbide. This implies that the corrosion
characteristics are deteriorated because less chromium
is available for maintenance of the passive layer. In local
areas such Cr-depletion can be pronounced and result
in loss of corrosion protection at the surface of the area.
The precipitation of nitrides/carbides is called sensitisa-
tion. In particular on dissolution of nitrogen this phenom-
enon is very pronounced, because chromium nitrides are
more stable than chromium carbides and can be formed
at lower temperature. This means that the temperature
atthe low-temperature process must be lowered (further)
to avoid sensitisation, which is undesirable since the
process thereby proceeds more slowly. For extreme de-
grees of deformation in stainless steel there is perhaps
not even a lower limit to sensitisation.

[0004] Atlow-temperature hardening of cold deformed
stainless steel workpieces sensitisation will occur in con-
nection with the low-temperature dissolution of nitrogen
and/or carbon, which takes place at temperatures below
550°C. To solve the problem with sensitisation in cold
deformed materials upon low-temperature surface hard-
ening a full annealing of the components has - where
possible - been made by a so-called austenitisation in
vacuum or hydrogen atmosphere. Full annealing is a
process, which is carried out at temperatures above
1020°C, typically inthe range 1020-1120°C. Thereby the
cold deformation in the material is annihilated and the
low-temperature dissolution can be carried out without
the risk of sensitisation. However, the process provides
the problem that the strength of the cold-worked metal
is reduced - this is referred to as a so-called egg shell
effect in the material, i.e. the material becomes soft with
a hard thin surface, when the workpiece is subsequently
low-temperature hardened. By carrying out an austeniti-
sation the core strength of the material is reduced to that
of annealed material, and this process requires that the
core strength of the treated component is a design pa-
rameter of less importance.

[0005] Another possibility is to employ a carburising
process where only carbon is dissolved in the material
at low temperature, i.e. formation of carbon expanded
austenite. Sensitisation is not as critical for carbon dis-
solution as it is for nitrogen dissolution (nitriding and ni-
trocarburising) and hence leads to less influence on the
corrosion resistance. However, for components with a
strong degree of cold deformation even this is considered
detrimental. Another disadvantage by only employing
carbon dissolution is that a lower surface hardness is
obtained than for nitrogen dissolution and that the com-
position profile (hardness) cannot be adjusted in the
same way (see e.g. EP 1095170 B1 and WO
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2006/136166 A1).

[0006] In e.g. Georgiev et al, Journal of Materials Sci-
ence and Technology, Vol. 4, 1996, No. 4, pp. 28 and
Bashchenko et al, Izvestiya Akademii Nauk SSSR. Met-
ally, no 4, 1985, pp. 173-178, it is shown that nitrogen
and/or carbon can be dissolved in stainless steel at high
temperature (above about 1050°C) under equilibrium
conditions. It is shown that by employing high tempera-
tures the problem with permeation of the passive layer
of stainless steel can be bypassed, since this becomes
unstable at these high temperatures. It is also described
that the solubility temperature for chromium carbide and
chromium nitride lies below this temperature. Conse-
quently, carbides and/or nitrides are not formed at these
high temperatures. The solubility of nitrogen/carbon is
however relatively limited and for austenitic stainless
steels no actual surface hardening occurs; this applies
in particular for carbon. To avoid precipitation of car-
bides/nitrides during cooling a fast cooling rate is re-
quired. For martensitic stainless steel types a significant
hardening of the surface can take place by fast cooling;
however, the hardening effect is at a significantly lower
level than obtained by processes for formation of expand-
ed austenite. WO 2008/124239 suggests a hybrid car-
burisation process with intermediate rapid quench, ac-
cording to which a carbon hardened surface in a metal
workpiece can be formed without forming carbide pre-
cipitates by subjecting the workpiece to both high tem-
perature carburisation and low temperature carburisa-
tion, wherein immediately after high-temperature carbu-
risation, the workpiece is rapidly quenched to a temper-
ature below which carbide precipitates form. The rapid
quenching may be accomplished using e.g. immersion
of the workpiece in water, oil or other cooling medium
such as a gas or molten salt. WO 2008/124239 fails to
recognize the issues of cold-deformation and formation
of carbides and/or nitrides during a subsequent low-tem-
perature hardening.

[0007] There is a need for a method which allows low
temperature dissolution of nitrogen and/or carbon for
hardening of passive alloys such as stainless steel,
where the problems with sensitisation and/or adjusting
the composition profile are solved.

[0008] To overcome the problem with sensitisation in
connection with low temperature nitriding and/or carbu-
rising of cold deformed workpieces the prior art suggests
to anneal the material first, so that partial or full re-crys-
tallisation is obtained; alternatively only a recovery of the
material. Thereby the cold deformation in the material,
and the strengthening obtained from the cold deforma-
tion, is annihilated, but on the other hand the low tem-
perature dissolution can be carried out without problems
with sensitisation. However, this solution fails to provide
components having high core US 2009/0218011 disclos-
es a method in which the workpiece is cooled in nitrogen.
The Danish patent application PA 2011 70208 discloses
a method for dissolution hardening of a cold deformed
workpiece of a passive metal or a passive alloy. The
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method comprises a first step in which nitrogen and/or
carbon is dissolved in the workpiece at a temperature
higher than the solubility temperature for carbide and/or
nitride formation and lower than the melting point of the
workpiece, and a subsequent second step, wherein ni-
trogen and/or carbon are dissolved at a temperature
where substantially no formation of carbides and/or ni-
trides occurs. The method may also comprise a quick
cooling from the first to the second temperature. While
treatment of metals accordingto PA 2011 70208 provides
superior characteristics compared to other processes of
the prior art it is suspected that further improvements in
the characteristics of the metals may be achieved.
[0009] The aim of the presentinvention is to provide a
method, which allows solution hardening of products
shaped through cold deformation and prepared from pas-
sive alloys, in particular stainless steel, without sensiti-
sation occurring in the workpiece and thereby provide a
better corrosion resistance. It is a further object that the
strengthening effect obtained is comparable to or possi-
bly even larger than the strengthening effect obtained by
cold deformation.

Description of the invention

[0010] The present invention relates to a method for
solution hardening of a cold deformed workpiece of a
passive alloy containing at least 10% chromium, which
method comprises

- dissolving at least nitrogen in the workpiece at a tem-
perature T1, which is higher than the solubility tem-
perature for carbide and/or nitride and lower than the
melting point of the passive alloy, wherein dissolution
of nitrogen at temperature T1 is performed to obtain
a diffusion depth in the range of 50 pm to 5 mm, and

- cooling the workpiece after the dissolution step at
temperature T1 to a temperature which is lower than
the temperature at which carbides and/or nitrides
form in the passive alloy, wherein the cooling step
takes place in an inert gas not containing nitrogen.

[0011] The method ofthe invention may also be viewed
as a method for solution hardening of a cold deformed
workpiece of a passive alloy, which method is given in
claim 1 and comprises the steps of:

dissolving at least nitrogen in the workpiece at a tem-
perature T1, which is higher than the austenisation
temperature and lower than the melting point of the
passive alloy,

cooling the workpiece after the dissolution step to a
temperature which is lower than the temperature at
which carbides and/or nitrides form in the passive
alloy, wherein the cooling step takes place in an inert
gas not containing nitrogen.

[0012] In a preferred example the first dissolution step
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is performed in a gas, such as a gas containing N, e.g.
substantially pure N, without other gasses than unavoid-
able impurities, and the cooling step is also performed in
a gas, which is an inert gas not containing nitrogen (an
nitrogen-free inert gas) with argon being particularly pre-
ferred. In the context of the invention an "inert gas" is a
gas that does not contain any substantial amount of mol-
ecules which interact with elements of the alloy; any inert
gas not containing nitrogen is contemplated in the inven-
tion, or mixtures of gasses. When an inert gas is em-
ployed in the cooling step it has surprisingly been found
that the workpiece treated in the method of the invention
has a corrosion resistance, which is even superior to the
corrosion resistance obtained using other cooling gases,
or when the cooling step is performed using other meth-
ods. In particular, gasses containing nitrogen are be-
lieved to accelerate formation of nitrides when the cooling
is performed in a gas containing nitrogen compared to
cooling in an inert gas, so that a more robust and flexible
method is provided with a cooling step using an inert gas.
The partial pressure of nitrogen in the treatment at tem-
perature T1 determines the solubility of nitrogen, so that
the higher the partial pressure of nitrogen in the treatment
at temperature T1 the more pronounced is the effect of
cooling in an inert gas not containing nitrogen. Cooling
in an nitrogen-free inert gas may also allow longer cooling
times than 60 s, but preferably cooling is performed an
nitrogen-free inert gas in less than 30 s, such as in less
than 10 s.

[0013] In a specific embodiment the method further
provides formation of expanded austenite and/or ex-
panded martensite in the cold deformed workpiece of the
passive alloy. Thus, the method may further comprise a
subsequent second step of dissolving nitrogen and/or
carbon in the workpiece at a temperature T2 of at least
300°C, which temperature T2 is lower than the temper-
ature at which carbides and/or nitrides formin the passive
alloy.

[0014] The first step of dissolving nitrogen in the work-
piece at a temperature higher than the solubility temper-
ature for nitride significantly improves the core strength
of the passive alloy, such as stainless steel, in compar-
ison to only re-crystallisation annealing of the material
prior tolow temperature hardening. The high temperature
dissolution of nitrogen is done at temperatures above the
austenisation temperature of the alloy, e.g. at least or
above 1050°C and below the melting point of the alloy.
The strengthening effect of this high-temperature nitrid-
ing is, surprisingly, sufficient to compensate for the loss
of strength caused by annihilating the cold deformation
while the workpiece is kept at the high temperature during
nitriding. Furthermore, the high-temperature nitriding al-
lows that low temperature hardening can be performed
at higher temperatures than usual without creating prob-
lems with formation of nitrides and/or carbides, and that
it is easier to activate the passive surface on the material
at the subsequent low temperature surface hardening
process. Thus, the formation of the hardened zone is
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accelerated. Furthermore, better corrosion characteris-
tics are obtained, since nitrogen exists in solid solution.
[0015] A significant improvement of the hardening of
passive alloys can be obtained by the high temperature
dissolution of nitrogen followed by low temperature ni-
triding, carburising or nitrocarburising. Any passive alloy
in which expanded austenite or expanded martensite
may form is relevant to the invention, and stainless steel
is preferred, in particular cold deformed austenitic stain-
less steel.

[0016] The optional subsequent low temperature dis-
solution of nitrogen and/or carbon, which takes place at
temperatures below the temperature at which carbides
and/or nitrides form in the passive alloy, such as below
450-550°C dependent on the process, may in the sub-
sequent step be carried out on a material, which does
not contain plastic deformation, but which has a strength
on level with a plastically deformed workpiece. This
means that the risk of sensitisation is reduced significant-
ly. The presence of nitrogen and optionally carbon in solid
solution in stainless steel have even been found to give
a faster low temperature process, than can be obtained
using methods of the prior art, since the diffusion coeffi-
cients of nitrogen and carbon increase with increasing
carbon/nitrogen content. Thus, in certain examples the
passive alloy is a stainless steel containing nitrogen
and/or carbon.

[0017] With the presentinvention itis possible to carry
out a low temperature hardening of passive materials,
and in particular stainless steel, of even strongly cold
deformed components without occurrence of sensitisa-
tion of the material and without loss of strength. Cold
deformed material treated with the method of the inven-
tion can obtain a significantly better corrosion resistance
than untreated material. Conducted experiments have
shown that the strength which is obtained by dissolution
of nitrogen and optionally carbon in stainless steel at high
temperature, typically above 1050°C, may give a (core)
strength or substrate bearing capacity, which is sufficient
to compensate for the loss of strength which occurs when
the cold deformation is removed by recrystallisation while
heating to and maintaining the high temperature during
nitriding. Thatis, although the strength obtained from cold
deformation is lost, this loss is compensated by the
strength obtained from solution hardening with nitrogen
and optionally carbon. Even relatively small amounts of
nitrogen give a significant increase of strength to provide
the bearing capacity, which is necessary for wear resist-
ant expanded austenite.

[0018] The method of the present invention provides
manufactured members having at least the same
strength as cold deformed members and at the same
time better corrosion resistance, and further provides the
advantage of taking less time to perform.

[0019] Dissolution attemperature T1 and at the option-
al temperature T2 may be performed using any appro-
priate technology. For example dissolution at tempera-
ture T1 and at temperature T2 may be performed in a
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gaseous process, e.g. using a gas containing nitrogen,
such as ammonia, preferably N,. Dissolution may also
be performed using ion implantation, salt bath or plasma.
Itis preferred that dissolution at temperature T1 and tem-
perature T2 are carried out using gas, since this is a
cheap and efficient solution and because all types of ge-
ometries may be treated uniformly, and there is a good
temperature uniformity. Moreover, the use of a gas proc-
ess means that the process is within the framework of
the laws of thermodynamics, which means that there are
very well controlled processing conditions. It is further an
advantage to employ gas because it has surprisingly
been found that the high temperature process of the in-
vention makes the surface easier to activate using gas
in the low temperature process. ltis thus easier to remove
the impermeable oxide layer (passive layer), which is
found on passive materials after a high temperature dis-
solution. Itis assumed that this is attributable to the pres-
ence of nitrogen and optionally carbon which is dissolved
at high temperature.

[0020] The optional low temperature process may be
carried out immediately after the high temperature proc-
ess, but this is not mandatory. It is also possible to per-
form the two processes with an offset in time and place.
If the processes are carried out immediately after each
other with the cooling step between the first and the sec-
ond dissolution step, it is possible to avoid that a passi-
vation of the surface occurs and hence activation prior
to the low temperature process is superfluous. Thus, the
invention also relates to an example wherein dissolution
at temperature T2 takes place immediately after cooling
from temperature T1 without the passivation/activation
of the surface in-between the execution of the high tem-
perature process and the low temperature process. This
may be done in the same furnace. When using gas the
relevant gases containing nitrogen and/ or carbon for use
in the low temperature process may be supplied imme-
diately when the material has been cooled to temperature
T2. The cooling is advantageously done using argon
without any nitrogen present during cooling. An advan-
tage of using gaseous processing is that it is possible to
use gases, which do not activate the surface at temper-
ature T2 in the low temperature process. Other advan-
tages of this example are that the hardening process
thereby can be made cheaper and quicker.

[0021] An advantage of the method of the invention is
that better corrosion characteristics are obtained, since
nitrogen exists in solid solution. Dissolution of carbon
does not change the corrosion characteristics. The ma-
terial may be considered to be a nitrogen-containing al-
loy, if the component is fully saturated with nitrogen. This
will often be the case for thin-walled workpieces, e.g.
workpieces with a material thickness of up to 4 mm, such
as a thickness of 2-4 mm, which are treated with the
method of the invention. Stainless steel workpieces
which are treated with the method of the invention there-
fore have a far better corrosion resistance compared to
workpieces, which solely are treated with the low tem-
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perature process (see the examples). An aspect of the
invention relates to a thin-walled component, or work-
piece, of a cold deformed metal or alloy treated according
to the method of the invention.

[0022] For thin-walled components the material may
be fully saturated with nitrogen by the high temperature
process. In thick material a surface zone of up to several
millimetres, e.g. up to about 5 mm, may be obtained
where nitrogen is in solid solution. In both cases the bear-
ing capacity of the material will be increased and com-
parable to what may be obtained by cold deformation. In
an example of the invention, which allows that workpiec-
es with a thickness of up to about 10 mm are fully satu-
rated with nitrogen so that particularly strong workpieces
are obtained. In general, the method provides that a thick-
ness of expanded austenite or expanded martensite of
at least 5 um is obtained in the workpiece, and the hard-
ness of the expanded austenite zone or the expanded
martensite zone is at least 1000 HV, such as more than
1050 HV.

[0023] The method may further comprise that dissolu-
tion attemperature T2 takes place immediately after cool-
ing from dissolution at temperature T1 without the occur-
rence of a passivation of the surface. In a certain example
cooling after the first dissolution process at temperature
T1 takes place especially quickly, e.g. in a period of no
more than 60 second, in the temperature interval in which
there is the largest tendency for sensitisation and forma-
tion of precipitations, such as nitrides and/or carbides,
forthe relevant alloy. For stainless steel ithas been found
that this in particular takes place in the interval from 900
to 700°C where the material should be cooled quickly. In
one embodiment the workpiece is cooled from 900 to
700°C in less than 60 seconds. In a preferred embodi-
ment the workpiece is cooled from 900 to 700°C in less
than 30 seconds. Thereby the formation of carbides
and/or nitrides is substantially avoided, and this is an
advantage since these can react with the alloying ele-
ments in stainless steel, such as chromium. The deple-
tion of alloying elements from solid solution and binding
of these as nitrides and/or carbides is suppressed and
the corrosion resistance characteristics are maintained.
[0024] In general, the features of the methods of the
invention may be combined freely, and all such combi-
nations are contemplated in the present invention. For
example, all features and variations discussed for the
first dissolution step at temperature T1 are relevant also
when the method comprises a second dissolution step
at temperature T2. Likewise, all features discussed for
the subsequent step of dissolving nitrogen and/or carbon
in the workpiece at atemperature T2, which is lower than
the temperature at which carbides and/or nitrides form
in the passive alloy are relevant for any combination of
features for the first dissolution step at temperature T1
and the cooling in an inert gas not containing nitrogen.
In another aspect the invention relates to a member ob-
tained by the invention. Any workpiece may be treated
in the method, although it is preferred that the workpiece
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has a thickness of up to about 10 mm, since this will
provide that the resulting member is fully saturated with
nitrogen. Members which are solution hardened accord-
ing to a method of the invention may be used in any tech-
nological field. Fields of particular relevance comprise
members for use in the technical areas of medico, food,
automotive, chemical, petrochemical, pharmaceutical,
marine, package, watches, cutlery/tableware, medical,
energy, pulp & paper, mining or waste water technolo-
gies. Members of particular interest comprise valves (but-
terfly valves, ball valves, control valves), steering bolts,
nuts, washers, fasteners, nozzles, pumps, machinery
components, semiconductor ASML, ferrule parts, ball
bearings and bearing gages, pneumatic parts, mem-
branes etc.

[0025] In a further aspect the invention relates to a
member obtained by the method according to the inven-
tion, where the member is a valve part or a part used in
avalve.

[0026] In a further aspect the invention relates to a
member obtained by the method according to the inven-
tion, where the member forms an outer surface area of
adesign object, such as a clips for holding paper or notes,
a sign plate, a holder, a lid of a box, cutlery, a watch, or
a plate mounted together with a handle or a plate forming
part of a lamp.

[0027] In a further aspect the invention relates to a
member obtained by the method according to the inven-
tion, where the member is part of a bearing, such as a
partofaballbearing, a partof aroller bearing, ora bearing
cage.

[0028] In a further aspect the invention relates to a
member obtained by the method according to the inven-
tion, where the member is part of medical equipment, or
medical instruments, or dental equipment, or dental in-
struments, or is a medical instrument or a dental instru-
ment.

[0029] In a further aspect the invention relates to a
member obtained by the method according to the inven-
tion, where the member is part of pharmaceutical equip-
ment, such as a plate, a nozzle, a shim, a pipe, or a grid.
[0030] In a further aspect the invention relates to a
member obtained by the method according to the inven-
tion, where the member is part of a car, such as a plate,
a part in the exhaust system, a filter part, an engine part,
a fixture, a handle, or a part having a decorative surface.

Figures of the drawings

[0031]

Fig. 1 shows an isothermal transformation diagram
(TTT diagram) for a nitrogen-containing austenitic
stainless steel.

Fig. 2a shows a set of lock washers.

Fig. 2b shows a set of lock washers with a bolt and
nut.

Fig. 3 shows photomicrographs of a lock washer

10

15

20

25

30

35

40

45

50

55

treated in two prior art methods.

Fig. 4 shows photomicrographs of a lock washer
treated in two prior art methods.

Fig. 5 shows photomicrographs of a sample of AISI
316 treated in two prior art methods.

Fig. 6 shows photomicrographs of a sample of AISI
304 treated in two prior art methods.

Fig. 7 shows hardness profiles of stainless steel
treated in a prior art method and by the method of
the invention.

Fig. 8 shows lock washers treated in the method of
the invention and in a prior art method.

Fig. 9 shows photomicrographs of samples of AISI
316 treated in a prior art method (right) and by the
method of the invention (left).

Definitions

[0032] Inthe context of the presentinvention the terms
"expanded austenite" and "expanded martensite" de-
scribe an austenite or martensite, respectively, which has
been supersaturated with nitrogen or carbon, or nitrogen
and carbon (with respect to nitride or carbide formation).
Expanded austenite and expanded martensite may be
specified as nitrogen-expanded or carbon-expanded, or
the expansion may be specified as nitrogen- and carbon-
expanded. However, in the context of the invention "ex-
panded austenite" and "expanded martensite" generally
refer broadly to austenite or martensite, respectively, ex-
panded with nitrogen, carbon or any combination of ni-
trogen and carbon. A review of expanded austenite is
provided by T.L. Christiansen and M.A.J. Somers (2009,
Int. J. Mat. Res., 100: 1361-1377), the contents of which
are hereby included by reference. Any alloy in which "ex-
panded austenite" or "expanded martensite" may be
formed is contemplated for the method of the invention.
Expanded austenite or expanded martensite may form
in the surface of an alloy when the alloy is subjected to
solution of nitrogen or carbon, or nitrogen and carbon,
and the expanded austenite or expanded martensite may
also be referred to as a "zone" of expanded austenite or
expanded martensite. In the context of the present in-
vention the term "zone" should be understood in relation
to the thickness of the treated material so that "zone" is
comparable to the thickness of expanded austenite or
expanded martensite. The method of the invention pro-
vides that a thickness of expanded austenite orexpanded
martensite of at least 5 wm is obtained in the workpiece;
the thickness of the expanded austenite or expanded
martensite may be up to about 50 wm or higher.

[0033] In terms of the invention an "alloying element"
may refer to a metallic component or element in the alloy,
or any constituent in the analysis of the alloy. In particular,
alloys of relevance in the method of the invention com-
prise an element that may form nitrides and/or carbides
with present nitrogen and carbon, respectively. The
method of the invention advantageously provides a sur-
face free from nitrides and carbides of alloying elements.
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It is however also contemplated in the invention that an
alloy may comprise only a single metallic element capa-
ble of forming nitrides and/or carbides. An alloy may also
comprise other elements, such as semi-metallic ele-
ments, inter-metallic elements, or non-metallic elements.
Alloying elements capable of forming nitrides and/or car-
bides may typically be metallic elements providing cor-
rosionresistance to the alloy due to formation of a passive
oxide layer with the alloying element. The terms "nitride"
and "carbide" as used in the context of the invention refer
to nitrides and carbides formed between alloying ele-
ments and nitrogen and carbon, respectively. An exem-
plary nitride is chromium nitride, CrN or Cr,N although
terms "nitride" and "carbide" are not limited to nitrides
and carbides with chromium.

[0034] By the term "passive" in connection with alloys
or metals is to be understood an alloy, which has an oxide
layer on the surface. The alloy can be both self-passivat-
ing or be passivated as a consequence of a process to
which the alloy is subjected. Belonging to the group of
self-passivating alloys are those, which have a strong
affinity to oxygen (e.g. Cr, Ti, V), including alloys contain-
ing such alloying elements (e.g. stainless steel which es-
sentially is an Fe-based alloy containing at least 10.5 %
Cr).

[0035] By the term "cold deformation" (also named
"cold working") is to be understood a plastic deformation
induced in the material by external forces at a tempera-
ture below the recrystallisation temperature of the mate-
rial. Cold deformation may be provided by an actual plas-
tic shape change, such as forging, extrusion, shaping,
drawing, pressing, or rolling, and may also be caused by
machining such as turning, milling, punching, grinding or
polishing etc., or by a combination of these processes.
[0036] By the term "sensitisation" is to be understood
that nitrogen or carbon have formed nitrides and car-
bides, respectively, by reaction with one or more alloying
elements otherwise utilized to form the protective oxide
layer on the surface, as for example chromium in stain-
less steel. When sensitisation occurs, the free content of
the alloying element, such as chromium, in solid solution
is lowered to a level, which is no longer sufficient to main-
tain a complete protective oxide layer, which means that
the corrosion characteristics are deteriorated.

[0037] By the term "solubility temperature for carbide
and/or nitride" is to be understood the temperature at
which nitrides/carbides are not stable, and where already
formed nitrides/carbides are dissolved. In general, alloys
comprising metallic alloying elements capable of forming
nitrides and/or carbides will have a temperature interval
in which nitrides and/or carbides may form when nitrogen
and carbon, respectively, are present. Thus, above this
temperature interval, nitrides and carbides will not form,
and already formed nitrides/carbides are dissolved.
When nitrides or carbides exist, i.e. sensitisation has oc-
curred, these carbides can generally only be removed
by exposing the sensitised metal to a temperature above
the austenisation temperature. Furthermore, such alloys
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have a temperature below the temperature interval,
where nitrides and carbides will not form, although ni-
trides or carbides already formed in an alloy cannot be
removed at the low temperature.

[0038] The "austenisation temperature" is typically the
temperature used when heat treating an alloy in order to
dissolve carbides, and "austenisation temperature" may
thus correspond to the "solubility temperature for car-
bide". At the austenisation temperature the alloy is in the
austenitic phase. The temperature at which a steel alloy
changes phase from ferrite to austenite is typically at a
somewhat lower temperature than the austenisation tem-
perature.

[0039] The austenisation temperature as well as the
temperature at which carbides and/or nitrides form in a
passive alloy are generally well-known to the skilled per-
son. Likewise the temperature below which nitrides or
carbides will not form is generally known to the skilled
person. Furthermore the melting temperature of the alloy
is generally known to the skilled person. The tempera-
tures may depend on the composition of the passive al-
loy, and for any given composition these temperatures
are furthermore easily determined experimentally by the
skilled person.

[0040] The alloying contents mentioned are expressed
in percent by weight. With respect to compositions of
alloys or of gas unavoidable impurities may naturally also
be present, even if this is not specifically mentioned.

Further description of the invention

[0041] Fig. 1 shows an example of anisothermal trans-
formation diagram (TTT diagram) for a nitrogen-contain-
ing austenitic stainless steel; the stainless steel has the
composition Fe-19Cr-5Mn-5Ni-3Mo0-0.024C-0.69N
(from J.W. Simmons, PhD thesis, Oregon Graduate In-
stitute of Science and Technology 1993). In Fig. 1 the
temperature interval in which nitrides may begin to form
is indicated with "CryN". In the method of the invention
the step of dissolving nitrogen in the passive alloy is thus
performed at a temperature T1 above the austenisation
temperature and the workpiece is cooled to a tempera-
ture, which is lower than the temperature at which car-
bides and/or nitrides form in the passive alloy in an inert
gas not containing nitrogen. The method may comprise
asecond step of dissolving nitrogen and/or carbon, which
is performed at a temperature T2 below the temperature
interval where nitrides and/or carbides can form. Thus,
temperature T1 is higher than temperature T2. The work-
piece is cooled, e.g. within a time span of 60 seconds,
after the first dissolution step at temperature T1 to atem-
perature which is lower than the temperature at which
carbides and/or nitrides form in the passive alloy. The
passive alloy of the workpiece will thus be stabilised with
respect to formation of nitrides and/or carbides, and the
optional second dissolution step may then be performed
as desired. The austenisation temperature may also be
referred to as "high" temperature in the context of the
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invention. Likewise, the temperature below the temper-
ature at which carbides and/or nitrides form is also re-
ferred to as "low" temperature.

[0042] The method of the invention comprises steps
of dissolving nitrogen and/or carbon in the passive alloy.
The step of dissolving nitrogen may also be referred to
as the "dissolution of nitrogen" or "nitriding", and likewise
step of dissolving carbon may also be referred to as the
"dissolution of carbon" or "carburising". When both nitro-
gen and carbon are dissolved in the same process step
may be referred to as "nitrocarburising".

[0043] In a certain aspect the invention relates to a
member obtained by the method of the invention. In the
contexts of the invention "treated" should be understood
broadly. In particular, the term "treated" means that meth-
od of the invention has been employed in the manufac-
ture of the member. Thus, the invention also relates to a
member manufactured using the method of the invention
and the terms "treated in" and "manufactured using" may
be used interchangeably. The method of the invention
may be the last step in the manufacture of the member
or a member treated by the method may also be subject-
ed to further processing steps to provide the final mem-
ber.

[0044] In the context of the present invention a "thin-
walled component" is a component of a size allowing the
component to be fully saturated with nitrogen and/or car-
bon in the method of the invention. Thus, a "thin-walled
component" may have a material thickness, e.g. in its
smallestdimension, of up to, and including, about 10 mm,
such as a thickness of about 2 mm to about 4 mm or a
thickness in the range from 0.2 mm to 8 mm, or a thick-
ness in the range from 0.4 mm to 6 mm, or a thickness
in the range from 0.5 mm to 5 mm, or a thickness in the
range from 1.5 mm to 4.5 mm. The method may be used
with any thin-walled component.

[0045] The novel and unique way in which one or more
of the above aims is obtained, is by the provision of a
method for solution hardening of a cold deformed work-
piece of a passive alloy containing at least 10% chromi-
um, which method comprises

- dissolving atleast nitrogen in the workpiece at a tem-
perature T1, which is higher than the solubility tem-
perature for carbide and/or nitride and lower than the
melting pointof the passive alloy, wherein dissolution
of nitrogen at temperature T1 is performed to obtain
a diffusion depth in the range of 50 pm to 5 mm, and

- cooling the workpiece after the dissolution step at
temperature T1 to a temperature which is lower than
the temperature at which carbides and/or nitrides
form in the passive alloy, wherein the cooling step
takes place in an inert gas not containing nitrogen.
The method may further comprise a subsequentsec-
ond step of dissolving nitrogen and/or carbon in the
workpiece at a temperature T2 of at least 300°C,
which temperature T2 is lower than the temperature
at which carbides and/or nitrides form in the passive
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alloy.

[0046] The invention is especially suitable for stainless
steels and comparable alloys, where expanded austenite
or martensite can be obtained in a low temperature dis-
solution process. In general, alloys based on iron, nickel
and/or cobalt comprising chromium are relevant for the
method. The chromium content may vary and may as an
example be up to about 10 %. In other examples the
chromium content may be at about 10 % or at least 10%.
Thus, the invention in one example relates to a method
for solution hardening of a cold deformed workpiece of
stainless steel. Nitrogen and optionally also carbon can
be dissolved in the stainless steel at atemperature, which
is higher than the austenisation temperature of the stain-
less steel, e.g. the solubility temperature for carbide
and/or nitride for present alloying elements, such as chro-
mium. Even relatively small amounts of nitrogen give a
significant increase in strength to provide a load bearing
capacity, which is necessary for wear resistant expanded
austenite. In an example of the invention the hardness
of the expanded austenite zone or the expanded mar-
tensite zone is at least 1000 HV.

[0047] In an example of the invention the stainless
steel is an austenitic steel. This material is relatively soft
compared to e.g. martensitic stainless steel. Therefore,
it is especially advantageous for this material that nitro-
gen and optionally carbon is dissolved at the high tem-
perature process. Thereby, it is obtained that the auste-
nitic steel receives a sufficient core strength to compen-
sate for the loss of strength, which takes place when the
cold deformation is annihilated and that it is then possible
to dissolve nitrogen and/or carbon at low temperature
without problems with precipitation, such as nitrides
and/or carbides. In further examples of the invention the
passive alloy is selected from the group comprising stain-
less steel, austenitic stainless steel, martensitic stainless
steel, ferritic stainless steel, precipitation hardenable
(PH) stainless steel or ferritic-austenitic stainless steel;
a ferritic-austenitic stainless steel may also be referred
to as a duplex stainless steel.

[0048] The content of nitrogen and optionally carbon,
which is dissolved at the high temperature process in
stainless steel will typically be less than 1 % by weight,
but may, if desired, be higher. This may e.g. be obtained
by applying a higher nitrogen and optionally carbon ac-
tivity, for example in the form of a higher partial pressure
of N, in a gaseous process. The content of nitrogen
and/or carbon, which is obtained in stainless steel at the
low temperature dissolution may be as high as 14 % by
weight and 6 % by weight, respectively.

[0049] In a preferred example the above dissolution of
nitrogen and/or carbon takes place at the temperature
T1 using gas, which contains nitrogen and optionally car-
bon, but it may also be performed by ion implantation,
plasma assistance or by saltbath. In a preferred example
a nitrogen containing gas, such as N,, is used. The pres-
sure of the gas may be up to several bar, but it may also
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be below 1 bar, such as 0.1 bar. It is an advantage to
employ gas, since all types of geometries may be treated
uniformly and there is a good temperature uniformity.
[0050] In an example of the invention dissolutions are
performed at temperature T1 and temperature T2 using
gas. The gasses contain nitrogen and/or carbon, and the
gas employed in the cooling step is an inert gas not con-
taining nitrogen. In certain examples dissolution at tem-
perature T2 is performed in a process selected from the
group comprising a gas-based process, ion implantation,
salt bath or plasma.

[0051] In an example of the invention a diffusion depth
of 50 um to 5 mm is obtained by dissolution of nitrogen
and optionally carbon at temperature T1. This provides
both a hard surface and a strengthening of the core of
the material. Thereby a full hardening of thin-walled com-
ponents with a material thickness comparable with, or up
to about twice the dissolution depth, may be obtained
since dissolution normally takes place from both sides of
the workpiece. For thicker components a relatively thick
surface zone where nitrogen and optionally carbon is in
solid solution is obtained. This provides support for the
expanded austenitic layer, which is formed in the surface
in the subsequent low temperature process. For thin-
walled workpieces a full nitriding/carburising/nitrocarbu-
rising of the workpiece may thus be obtained. Even if this
is not fully obtained the dissolution will be a significant
advantage, especially for thin-walled workpieces, where
strict requirements to the corrosion resistance, and to the
bearing capacity, are relevant, since these are improved
significantly in the method of the invention.

[0052] In an example of the invention the temperature
T1 is above 1000°C, such as at least 1050°C, or it may
be at least 1100°C, such as 1120°C or 1160°C, at least
1200°C, or at least 1250°C. The upper limit for the tem-
perature is below the melting point of the treated mate-
rials. For stainless steel the melting point is about
1600°C. In an example of the invention temperature T1
is below 1600°C, such as below 1500°C, or below
1400°C, such as below 1350°C. In an example of the
invention temperature T1 is in the range of 1050 and
1300 °C, such as at about 1150°C. It is important that
the temperature is higher than the solubility temperature
for the relevant carbides and/or nitrides, which may po-
tentially be formed in the material, but however below
the melting point of the treated material. When gas is
employed in dissolution at temperature T1 the employed
temperature may be chosen with consideration to the
gas mixture and the applied gas pressure.

[0053] In another example of the invention carbon is
dissolved at temperature T2, and temperature T2 is be-
low 550 °C, preferably the range of 300 - 530 °C during
carburising.

[0054] Inyet another example of the invention nitrogen
is dissolved at temperature T2, and temperature T2 is
below 500 °C, such as below 470 °C, preferably the range
of 300 - 470 °C during nitriding.

[0055] Inyetanother example of the invention nitrogen
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and carbon are dissolved at temperature T2, and tem-
perature T2 is below 500 °C, such as below 470 °C, pref-
erably the range of between 300 - 470 °C during nitro-
carburising.

[0056] In an example of the invention the high temper-
ature dissolution is carried out at temperature T1 for at
least 20 min, such as for at least 30 minutes, or for at
least 1 hour, or for at least 1.5 hours, or for at least 2
hours or for at least 3 hours, or for at least 4 hours, or for
at least 5 hours, or for at least 10 hours or for at least 15
hours. In principle there is no upper time limit, since no
nitrides or carbides are formed at temperature T1. At ex-
tended treatment the material may, depending on its
thickness, be saturated with nitrogen and optionally car-
bon, i.e. be fully nitrided or nitrocarburised.

[0057] Inanexample of the invention the method com-
prises cooling the material to ambient temperature after
the dissolution at temperature T1. It is particularly pre-
ferred that the second dissolution step at temperature T2
is performed immediately after the cooling step; this will
avoid passivation of the workpiece, i.e. formation of an
oxide layer. In an example of the invention the cooling
takes place under high pressure, such as in the range of
6 and 10 bar, such as at 7 bar or at 8 bar, or at 9 bar.
The cooling takes place in an inert gas not containing
nitrogen, such as a noble gas, e.g. helium (He), neon
(Ne), argon (Ar), krypton (Kr), xenon (Xe), or radon (Rn),
or any mixture of these, with argon being particularly pre-
ferred. In another example cooling takes place in argon
at high pressure, e.g. in the range of 4 and 20 bar, such
as in the range of 6 and 10 bar, such as at 7 bar or at 8
bar, or at 9 bar.

[0058] The invention further relates to a lock washer
(see Fig. 2a and 2b) of stainless steel for securing bolts
and nuts, which is dissolution hardened using the method
of the invention. The lock washer is relatively thin-walled,
so that by hardening the lock washer using the method
of the invention a significant and necessary improvement
of both strength and corrosion resistance of the lock
washer is obtained. In an embodiment of the invention
the lock washer has a first side with radial teeth and an
opposite other side, the camside, with cams. The lock
washers are used in pairs mounted with the cams against
each other to obtain a key lock effect. They are especially
suitable to effectively lock bolt assemblies which are ex-
posed to extreme vibrations or dynamic loads and to cor-
rosive environment, such as salt water. There are there-
fore strong requirements to the strength and corrosion
resistance of these washers.

[0059] Theinvention is especially suitable for stainless
steels and comparable alloys, in which expanded austen-
ite or martensite can be obtained at a low temperature
dissolution process. The invention is, however, generic
in nature: a high temperature dissolution process with
nitrogen and optionally carbon in passive alloys, such as
iron-based alloys, cobalt-based alloys, nickel-based al-
loys or chromium-based alloys, which provides strength
and an improved low temperature dissolution process



17 EP 2 841 617 B1 18

with respect to corrosion, processing rate and strength.
[0060] The following examples and prior art examples
with accompanying figures explain the invention in further
detail.

Prior Art Example 1

[0061] Hardeningofkeylockwashers of cold deformed
austenitic stainless steel, AlSI 316, by two methods of
the prior art.

[0062] Two identical key lock washers of cold de-
formed austenitic stainless steel AISI 316L were hard-
ened. Fig. 2 shows a key lock washer set 1 of said key
lock washers 2 and illustrates the use of these. Each
washer 2 has a first side 3 with radial teeth 4 and an
opposite other camside 5 with cams 6. During use of the
key lock washer set 1 the washers 2 are placed as shown
with the camsides 5 facing each other. The two key lock
washers were solution hardened with nitrogen and car-
bon at a temperature of 440°C. One washer was hard-
ened by a method disclosed in PA 2011 70208, i.e. in a
high temperature process and subsequently in alow tem-
perature process, and the other washer was directly sur-
face hardened with the same low temperature process,
i.e. of the prior art. The washers were analysed with op-
tical microscopy. Fig. 3 and Fig. 4 in the left panel show
the washer, which was only surface hardened with a ni-
trocarburising process conducted using a gas containing
nitrogen and carbon at a temperature of 440°C for 16
hours at atmospheric pressure. The outer surface in the
nitrogen containing zone appears partly sensitised (chro-
mium nitride precipitations). The deformed substrate ap-
pears strongly deformed and becomes clearly influenced
by the employed etching liquid to development of the
micro structure. Fig. 4 shows an enlarged version of Fig.
3.

[0063] Fig. 3 and Fig. 4 in the right panel show the
washer treated by the method disclosed in PA 2011
70208. The washer was exposed to a nitrogen containing
atmosphere (N, gas) at a temperature above 1050°C
and was subsequently quickly cooled in the same gas.
Thereby the material was austenitised completely and
the material was fully saturated with nitrogen. Then the
washer was surface hardened with a nitrocarburising
process conducted using a gas containing nitrogen and
carbon at a temperature of 440°C for 16 hours at atmos-
pheric pressure, whereby expanded austenite was
formed in the surface in a zone with a thickness of at
least5 pum. The nitrocarburised nitrogen-containing zone
was not sensitised and the substrate was clearly without
cold deformation. The substrate hardness (260-300
HV0.5) and the surface hardness (1200-1400 HV0.005)
in the two washers are however practically identical. The
corrosion resistance (exposure time in salt spray cham-
ber (ISO 9227)) of the washer, where the method dis-
closed in PA 2011 70208 was employed, is many times
better than for the washer which was only surface hard-
ened (time in the chamber until corrosion was observed).
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The washer which was treated with the method disclosed
inPA 201170208 did not exhibit corrosion after 400 hours
whereas the washer which was directly low temperature
hardened did exhibit clearly visible corrosion already af-
ter 20 hours. A further improvement in the corrosion re-
sistance can be obtained while retaining the other ad-
vantageous characteristics by exposing the washer to a
nitrogen containing atmosphere (N, gas) at a tempera-
ture above 1050°C and subsequently quickly cooling in
an inert atmosphere not containing nitrogen, e.g. argon,
instead of cooling in the nitrogen containing atmosphere.

Prior Art Example 2

[0064] Hardening of cold deformed austenitic stainless
steel, AlSI 316, by a method of the prior art and a method
disclosed in PA 2011 70208.

[0065] Two identical components (back ferrules) of
cold deformed austenitic stainless steel AISI 316 were
solution hardened with nitrogen and carbon at a temper-
ature of 440°C. One componentwas hardened by a meth-
od disclosed in PA 2011 70208, i.e. in a high temperature
process and subsequently in a low temperature process
and the other component was directly surface hardened
with the same low temperature process. Fig. 5 in the left
panel shows the microstructure analysed with optical mi-
croscopy of a component, which was only surface hard-
ened with a nitrocarburising process conducted using a
gas containing nitrogen and carbon at a temperature
440°C for 12 hours. The outer surface in the nitrogen
containing zone appears partly sensitised with clear pre-
cipitations of CrN in the outermost surface. Fig. 5 in the
right panel shows a component treated with the method
disclosed in PA 2011 70208. The component was ex-
posed to a nitrogen containing atmosphere (N, gas) at
a temperature above 1050°C and was subsequently
quickly cooled in the same gas. Then the component
surface was hardened with a nitrocarburising process in
a low temperature process conducted using a gas con-
taining nitrogen and carbon at a temperature of 440°C
for 12 hours. The nitrocarburised nitrogen containing
zone was not sensitised. The substrate hardness
(260-300 HV0.5) and the surface hardness (1200-1400
HV0.005) in the two components are, however, practi-
cally identical. The total layer thickness of the expanded
austenite zone is in both cases approximately 20 um.
The outermost layer is nitrogen expanded austenite, and
the innermost layer is carbon expanded austenite. The
corrosion resistance for both components was tested in
a 14 % by weight sodium hypochlorite solution. The com-
ponent which was treated with the method disclosed in
PA 2011 70208 did not exhibit corrosion after 24 hours,
whereas the component, which was directly low-temper-
ature hardened exhibited clear corrosion after only 10
minutes. The component where the method disclosed in
PA 2011 70208 was employed thus differs in having a
significantly better corrosion resistance than the work-
piece, which was directly nitrocarburised. A further im-
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provement in the corrosion resistance can be obtained
while retaining the other advantageous characteristics
by exposing the ferrule to a nitrogen containing atmos-
phere (N, gas) at a temperature above 1050°C and sub-
sequently quickly cooling in an inert atmosphere not con-
taining nitrogen, e.g. argon, instead of cooling in the ni-
trogen containing atmosphere.

Prior Art Example 3

[0066] Hardening of cold deformed Austenitic Stain-
less steel AISI 304 plate by a method of the prior art and
a method disclosed in PA 2011 70208.

[0067] Two identical components of cold rolled (de-
formed) austenitic stainless steel plate, AISI 304, were
solution hardened with nitrogen and carbon at a temper-
ature of 440°C. One component was hardened by a meth-
oddisclosedin PA 201170208, i.e. in a high temperature
process and subsequently in a low temperature process
and the other component was directly surface hardened
with the same low temperature process. Fig. 6 in the left
panel shows a component, which was only surface hard-
ened with a nitrocarburising process conducted using a
gas containing nitrogen and carbon at a temperature of
440°C for 20 hours and subsequently corrosion tested
by exposure to 14 % by weight sodium hypochlorite so-
lution for 70 minutes. Fig. 6 in the right panel shows the
component hardened with the method disclosed in PA
2011 70208. The component was exposed to a nitrogen
containing atmosphere (N, gas) ata temperature of 1150
°C for 30 minutes and was subsequently cooled quickly
in the same gas. Then the component was surface hard-
ened with a nitrocarburising process conducted using a
gas containing nitrogen and carbon at a temperature of
440°C for 20 hours. Finally the component was exposed
to corrosion test by exposure to 14 % by weight sodium
hypochlorite solution. The surface appears unaffected
by the corrosion test even after 16 hours of exposure. In
the component which was directly low temperature hard-
ened clear corrosion attacks are seen after short term
exposure/corrosion test (70 minutes). The component
where the method disclosed in PA 2011 70208 was em-
ployed thus differs in having a much better corrosion re-
sistance. A further improvement in the corrosion resist-
ance can be obtained while retaining the other advanta-
geous characteristics by exposing the component to a
nitrogen containing atmosphere (N, gas) at a tempera-
ture above 1050°C and subsequently quickly cooling in
an inert atmosphere not containing nitrogen, e.g. argon,
instead of cooling in the nitrogen containing atmosphere.

Example 1

[0068] Hardness profiles of cold deformed Stainless
steel treated by a method of the prior art and a method
of the invention.

[0069] Two identical components of cold deformed
austenitic stainless steel were treated in a method of the
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prior art and according to the method of the invention.
The samples were exposed to a nitrogen containing at-
mosphere (N, gas) or to an atmosphere of hydrogen (H,)
at a temperature above 1050°C and were subsequently
cooled quickly in the argon (for the N,-treated sample)
or H, gas. The component surfaces were then hardened
by nitrocarburising in a low temperature process con-
ducted using a gas containing nitrogen and carbon at a
temperature of 440°C for 12 hours. The nitrocarburised
zones were not sensitised. The hardness profiles of the
samples were analysed and the results are shown in Fig.
7. Itis evident from Fig. 7 that the sample treated at high
temperature in the nitrogen containing atmosphere ("EX-
PANITE ON HTSN") retained the core strength of the
material whereas the core strength was annihilated in
the high temperature annealingin hydrogen ("EXPANITE
ON ANNEALED").

Example 2

[0070] Argon cooling following high-temperature solu-
tion hardening with nitrogen.

[0071] Lockwashers of cold deformed austenitic stain-
less steel, AISI 316L, as described in Prior Art Example
1 and illustrated in Fig. 2 were exposed to a nitrogen
containing atmosphere (N, gas) at a temperature above
1050°C before quickly cooling to ambient temperature in
either the same atmosphere or an atmosphere of argon.
The samples were not subjected to further surface hard-
ening. The corrosion resistance of the components was
tested in a 14 % by weight sodium hypochlorite solution.
Fig. 8 shows three exemplary lock washers cooled in
argon (leftside) and three lock washers cooled in nitrogen
(right side). The argon cooled lock washers had far su-
perior corrosion resistance than lock washers cooled in
nitrogen, which showed clear signs of corrosion.

Example 3

[0072] Hardening of cold deformed austenitic stainless
steel, AlSI 316, component by a method of the prior art
and a method of the invention.

[0073] The corrosion resistance of cold deformed
austenitic stainless steel AISI 316 treated according to
the invention was compared with a similar component
treated with a process of the prior art. The corrosion test-
ing was performed by submerging the two surface hard-
ened components into 14% by weight sodium hypochlo-
rite solution for 18 hours.

[0074] Fig. 9 in the left panel shows the component
treated according to the invention, i.e. in a high temper-
ature process and subsequently, after cooling in argon,
in a low temperature process and the other component
in the right panel was directly surface hardened solely
with a low temperature process.

[0075] The surface of the component treated accord-
ing to the invention appears unaffected by the corrosion
test even after 18 hours of exposure. In the component
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which was treated according to the prior art, corrosion
attacks were observed after short term exposure (7 min-
utes). The component where the method of the invention
was employed thus differs in having a much better cor-
rosion resistance.

Claims

1. A method for solution treating a cold deformed work-
piece of an alloy based on iron, nickel and/or cobalt
containing at least 10% chromium, which method
comprises

- dissolving at least nitrogen in the workpiece at
a temperature T1, which is above 1020°C and
lower than the melting point of the alloy, wherein
dissolution of nitrogen at temperature T1 is per-
formed to obtain a diffusion depth in the range
of 50 pm to 5 mm, and

- cooling the workpiece after the dissolution step
at temperature T1 to a temperature which is be-
low 550°C, wherein the cooling from the tem-
perature 900 °C to 700 °C is performed in less
than 60 seconds, and wherein the cooling step
takes place in an inert gas not containing nitro-
gen.

2. The method according to claim 1 further comprising
a subsequent second step of dissolving nitrogen
and/or carbon in the workpiece at a temperature T2
of at least 300°C and below 550°C.

3. The method according to any of the claims 1 or 2,
wherein the inert gas is selected from helium (He),
neon (Ne), argon (Ar), krypton (Kr), xenon (Xe), or
radon (Rn), or any mixture of these.

4. The method according to any one of claims 1 to 3,
wherein nitrogen and carbon are dissolved at tem-
perature T1.

5. The method according to any one of claims 1 to 4,
wherein the alloy is selected from the group com-
prising stainless steel, austenitic stainless steel,
martensitic stainless steel, ferritic stainless steel,
precipitation hardenable (PH) stainless steel or fer-
ritic-austenitic stainless steel.

6. The method according to any of the preceding
claims, wherein dissolution at temperature T1 is per-
formed using a gas containing nitrogen, preferably
N2.

7. The method according to any one of claims 2 to 6,
wherein dissolution at temperature T2 is performed
in a process selected from the group comprising a
gas-based process, ion implantation, salt bath or
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15.

plasma.

The method according to any of the preceding
claims, wherein temperature T1 is at least 1050 °C,
such as in the range of 1050 °C to 1300 °C.

The method according to any one of claims 2 to 8,
wherein carbon is dissolved at temperature T2, and
temperature T2 is in the range of 300 - 530 °C.

The method according to any one of claims 2 to 8,
wherein nitrogen is dissolved at temperature T2 or
nitrogen and carbon are dissolved at temperature
T2, and temperature T2 is below 500 °C, preferably
in the range of 300 - 470 °C.

The method according to any one of claims 2 to 10,
wherein a thickness of expanded austenite or ex-
panded martensite of atleast 5 um is obtained in the
workpiece.

The method according to any one of claims 2 to 11,
wherein the hardness of the expanded austenite
zone or the expanded martensite zone is at least
1000 HV.

A method of producing a corrosion resistant mem-
ber, which corrosion resistant member is of an alloy
based on iron, nickel and/or cobalt and comprising
at least 10% chromium, the member having a thick-
ness of up to 10 mm, the method comprising the
steps of:

- providing a cold deformed workpiece of an alloy
based oniron, nickel and/or cobalt and compris-
ing at least 10% chromium, the workpiece hav-
ing a thickness of up to 10 mm,

- dissolving at least nitrogen in the workpiece at
a temperature T1, which is above 1020°C and
lower than the melting point of the alloy, wherein
dissolution of nitrogen at temperature T1 is per-
formed to obtain a diffusion depth in the range
of 50 pm to 5 mm, and

- cooling the workpiece after the dissolution step
at temperature T1 to a temperature which is be-
low 550°C, wherein the cooling from the tem-
perature 900 °C to 700 °C is performed in less
than 60 seconds, and wherein the cooling step
takes place in an inert gas not containing nitro-
gen.

The method according to any one of claims 1 to 13,
wherein the workpiece or the corrosion resistant
member is a lock washer of stainless steel for secur-
ing a fixing part, such as bolts and/or nuts.

The method according to any one of claims 1 to 13,
wherein the workpiece or the corrosion resistant
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member is is a part used in a valve, an outer surface
area of a design object, a part of a bearing, a part of
medical equipment, a part of dental equipment, a
medical instrument, a dental instrument, a part of
pharmaceutical equipment, or a part of a car.

Patentanspriiche

1.

Verfahren zur Lésungsbehandlung eines kaltver-
formten Werkstlicks aus einer Legierung basierend
auf Eisen, Nickel und/oder Kobalt, die mindestens
10 % Chrom enthalt, wobei das Verfahren umfasst

- Lésen zumindest von Stickstoff in dem Werk-
stlick bei einer Temperatur T1, die oberhalb von
1020 °C und unterhalb des Schmelzpunktes der
Legierung liegt, wobei das Lésen von Stickstoff
bei der Temperatur T1 ausgefiihrt wird, um eine
Diffusionstiefe im Bereich von 50 um bis 5 mm
zu erhalten, und

- Kiihlen des Werkstiicks nach dem L&sungs-
schritt bei der Temperatur T1 auf eine Tempe-
ratur, die unterhalb von 550 °C liegt, wobei das
Kihlen von der Temperatur 900 °C auf 700 °C
inweniger als 60 Sekunden ausgefiihrt wird, und
wobei der Kiihlschritt in einem Inertgas stattfin-
det, das keinen Stickstoff enthalt.

Verfahren gemaf Anspruch 1, ferner umfassend ei-
nen anschlieRenden zweiten Schritt des Lésens von
Stickstoff und/oder Kohlenstoff in dem Werkstlick
bei einer Temperatur T2 von mindestens 300 °C und
unterhalb von 550 °C.

Verfahren gemal einem der Anspriche 1 oder 2,
wobei das Inertgas aus Helium (He), Neon (Ne), Ar-
gon (Ar), Krypton (Kr), Xenon (Xe) oder Radon (Rn)
oder einem Gemisch aus diesen ausgewahlt ist.

Verfahren gemaf einem der Anspriiche 1 bis 3, wo-
bei Stickstoff und Kohlenstoff bei der Temperatur T1
geldst werden.

Verfahren gemaf einem der Anspriiche 1 bis 4, wo-
bei die Legierung aus der Gruppe ausgewahlt ist,
aufweisend Edelstahl, austenitischen Edelstahl,
martensitischen Edelstahl, ferritischen Edelstahl,
durch Dispersionsharten hartbaren Edelstahl oder
ferritischen-austenitischen Edelstahl.

Verfahren gemal einem der vorhergehenden An-
spriiche, wobei das Lésen bei der Temperatur T1
unter Verwendung eines Gases, das Stickstoff, vor-
zugsweise N, enthalt, ausgefihrt wird.

Verfahren gemaf einem der Anspriiche 2 bis 6, wo-
bei das Lésen bei der Temperatur T2 in einem Pro-
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10.

1.

12.

13.

zess ausgefuhrt wird, der aus der Gruppe ausge-
wahlt ist, aufweisend einen auf Gas basierenden
Prozess, lonenimplantation, Salzbad oder Plasma.

Verfahren gemal einem der vorhergehenden An-
spriiche, wobei die Temperatur T1 mindestens 1050
°C, zum Beispiel im Bereich von 1050 °C bis 1300
°C, betragt.

Verfahren gemaf einem der Anspriiche 2 bis 8, wo-
bei Kohlenstoff bei der Temperatur T2 geldst wird
und die Temperatur T2 im Bereich von 300 bis 530
°C liegt.

Verfahren gemaf einem der Anspriiche 2 bis 8, wo-
bei Stickstoff bei der Temperatur T2 geldst wird oder
Stickstoff und Kohlenstoff bei der Temperatur T2 ge-
16st werden, und die Temperatur T2 unterhalb von
500 °C, vorzugsweise im Bereich von 300 - 470 °C,
liegt.

Verfahren gemal einem der Anspriiche 2 bis 10,
wobei eine Dicke von expandiertem Austenit oder
expandiertem Martensit von mindestens 5 pm in
dem Werkstlick erhalten wird.

Verfahren gemal einem der Anspriiche 2 bis 11,
wobei die Harte der expandierten Austenitzone oder
der expandierten Martensitzone mindestens 1000
HV betragt.

Verfahren zur Herstellung eines korrosionsbestan-
digen Elements, wobei das korrosionsbestandige
Element aus einer Legierung besteht, die auf Eisen,
Nickel und/oder Kobalt basiert und mindestens 10
% Chrom aufweist, wobei das Element eine Dicke
von bis zu 10 mm hat, wobei das Verfahren folgende
Schritte umfasst:

- Bereitstellen eines kaltverformten Werkstiicks
aus einer Legierung basierend auf Eisen, Nickel
und/oder Kobalt und aufweisend mindestens 10
% Chrom, wobei das Werkstlick eine Dicke von
bis zu 10 mm hat,

- Lésen zumindest von Stickstoff in dem Werk-
stlick bei einer Temperatur T1, die oberhalb von
1020 °C und unterhalb des Schmelzpunktes der
Legierung liegt, wobei das Lésen von Stickstoff
bei der Temperatur T1 ausgefihrt wird, um eine
Diffusionstiefe im Bereich von 50 pm bis 5 mm
zu erhalten, und

- Klhlen des Werkstiicks nach dem Ldsungs-
schritt bei der Temperatur T1 auf eine Tempe-
ratur, die unterhalb von 550 °C liegt, wobei das
Kihlen von der Temperatur 900 °C auf 700 °C
inweniger als 60 Sekunden ausgefiihrt wird, und
wobei der Kuhlischritt in einem Inertgas stattfin-
det, das keinen Stickstoff enthalt.
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Verfahren gemaR einem der Anspriiche 1 bis 13,
wobei es sich bei dem Werkstlick oder dem korrosi-
onsbestandigen Element um eine Sicherungsschei-
be aus Edelstahl zum Sichern eines Befestigungs-
teils, wie Schrauben und/oder Muttern, handelt.

Verfahren gemaR einem der Anspriiche 1 bis 13,
wobei es sich bei dem Werkstlick oder dem korrosi-
onsbestandigen Element um ein in einem Ventil ver-
wendetes Teil, einen duReren Oberflachenbereich
eines Designobjekts, ein Teil eines Lagers, ein Teil
einer medizinischen Ausriistung, ein Teil einer zahn-
medizinischen Ausristung, ein medizinisches In-
strument, ein zahnmedizinisches Instrument, ein
Teil einer pharmazeutischen Ausrlstung oder ein
Teil eines Autos handelt.

Revendications

Procédé de traitement en solution d’'une piéce dé-
formée a froid constituée d’un alliage a base de fer,
de nickel et/ou de cobalt contenant au moins 10 %
de chrome, le procédé comprenant :

- la dissolution au moins d’azote dans la piéce
a une température T1, qui est supérieure a 1
020 °C et inférieure au point de fusion de l'allia-
ge, la dissolution d’azote a la température T1
étant réalisée pour obtenir une profondeur de
diffusion de 50 pum a 5 mm, et

- le refroidissement de la piece aprés I'étape de
dissolution alatempérature T1 jusqu’a une tem-
pérature qui est inférieure a 550 °C, le refroidis-
sement de la température de 900 °C a la tem-
pérature de 700 °C étant réalisé en moins de 60
secondes, et I'étape de refroidissement se dé-
roulant dans un gaz inerte ne contenant pas
d’azote.

Procédé selon la revendication 1, comprenant en
outre une deuxiéme étape ultérieure de dissolution
d’azote et/ou de carbone dans la piece a une tem-
pérature T2 d’au moins 300 °C et inférieure 2 550 °C.

Procédé selon I'une quelconque des revendications
10ou2,danslequelle gazinerte est sélectionné parmi
'hélium (He), le néon (Ne), I'argon (Ar), le krypton
(Kr), le xénon (Xe), ou le radon (Rn), ou un mélange
quelconque de ceux-ci.

Procédé selon I'une quelconque des revendications
1 a 3, dans lequel 'azote et le carbone sont dissous
a la température T1.

Procédé selon I'une quelconque des revendications
1 a 4, dans lequel I'alliage est sélectionné dans le
groupe comprenant I'acier inoxydable, I'acier inoxy-
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dable austénitique, I'acier inoxydable martensitique,
I'acier inoxydable ferritique, I'acier inoxydable dur-
cissable par précipitation (DP), ou I'acier inoxydable
ferritique-austénitique.

Procédé selon 'une quelconque des revendications
précédentes, dans lequel la dissolution a la tempé-
rature T1 est réalisée a I'aide d’un gaz contenant de
I'azote, de préférence N,.

Procédé selon 'une quelconque des revendications
2 a 6, dans lequel la dissolution a la température T2
est réalisée dans un procédé sélectionné dans le
groupe comprenant un procédé gazeux, une implan-
tation ionique, un bain de sel ou un plasma.

Procédé selon 'une quelconque des revendications
précédentes, dans lequel la température T1 estd’au
moins 1 050 °C, par exemple de 1050 °C a 1 300 °C.

Procédé selon 'une quelconque des revendications
2 a 8, dans lequel le carbone est dissous a la tem-
pérature T2, et la température T2 est de 300 °C a
530 °C.

Procédé selon 'une quelconque des revendications
2 a8,danslequell'azote estdissous alatempérature
T2 ou I'azote et le carbone sont dissous a la tempé-
rature T2, et la température T2 est inférieure a 500
°C, préférablement de 300 °C a 470 °C.

Procédé selon 'une quelconque des revendications
2 a 10, dans lequel une épaisseur d’austénite ex-
pansée ou de martensite expansée d’au moins 5 pm
est obtenue dans la piece.

Procédé selon 'une quelconque des revendications
2 a 11, dans lequel la dureté de la zone d’austénite
expansée ou de martensite expansée estd’au moins
1000 HV.

Procédé de fabrication d’'un élément résistant a la
corrosion, ledit élément résistant a la corrosion étant
constitué d’'un alliage a base de fer, de nickel et/ou
de cobalt et comprenant au moins 10 % de chrome,
I'élément ayant une épaisseur de jusqu’a 10 mm, le
procédé comprenant les étapes qui consistent a :

- fournir une piece déformée a froid constituée
d'un alliage a base de fer, de nickel et/ou de
cobalt et comprenantau moins 10 % de chrome,
la piece ayant une épaisseur de jusqu’a 10 mm,
- la dissolution au moins d’azote dans la piéce
a une température T1, qui est supérieure a 1
020 °C et inférieure au point de fusion de l'allia-
ge, la dissolution d’azote a la température T1
étant réalisée pour obtenir une profondeur de
diffusion de 50 pum a 5 mm, et
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- le refroidissement de la piece aprés I'étape de
dissolution alatempérature T1 jusqu’a une tem-
pérature qui est inférieure a 550 °C, le refroidis-
sement de la température de 900 °C a la tem-
pérature de 700 °C étant réalisé en moins de 60
secondes, et I'étape de refroidissement se dé-
roulant dans un gaz inerte ne contenant pas
d’azote.

Procédé selon I'une quelconque des revendications
1 a 13, dans lequel la piece ou I'élément résistant a
la corrosion est une rondelle d’arrét en acier inoxy-
dable servant a bloquer en place une piéce de fixa-
tion, telle que des boulons et/ou des écrous.

Procédé selon I'une quelconque des revendications
1 a 13, dans lequel la piece ou I'élément résistant a
la corrosion est une piece utilisée dans une valve,
une surface externe d'un objet conceptuel, une piéce
d’un roulement, un élément de matériel médical, un
élément de matériel dentaire, uninstrument médical,
un instrument dentaire, un élément de matériel phar-
maceutique, ou une piéce automobile.

10

15

20

25

30

35

40

45

50

55

15

28



Temperature (°C)

EP 2 841 617 B1

Transgranular

il

Goary gl 3 I NS 's“-..?ﬁ T ""’"*‘-Hi )

& 01 1 16

Time (hours)

Fig. 1

16



EP 2 841 617 B1

7

< I7777777,

<SS

=

Fig. 2a

2 &7

\. e

Fig. 3

17



EP 2 841 617 B1

Fig. 5

Fig. 6

18



Hardness HV0.01

1200

900

600

300

EP 2 841 617 B1

Hardness Profiles

3 EXPANITE ON HTSN
O EXPANITE ON ANNEALED

24

48 72 96
Depth from surface (pm)

Fig. 7

19

120



EP 2 841 617 B1

= \\\\%&t\i\\\\\\:\i\ R\

Fig. 8

20



Fig. 9



EP 2 841 617 B1

REFERENCES CITED IN THE DESCRIPTION

This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be

excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

« EP 1095170 B1 [0005]

* WO 2006136166 A1 [0005]
* WO 2008124239 A [0006]

* US 20090218011 A [0008]

Non-patent literature cited in the description

e GEORGIEV et al. Journal of Materials Science and
Technology, 1996, vol. 4 (4), 28 [0006]

e BASHCHENKO et al. Metally. Izvestiya Akademii
Nauk SSSR, 1985, 173-178 [0006]

22

DK 201170208 [0008]
WO 201170208 A [0008] [0062] [0063] [0064] [0065]
[0066] [0067]

T.L. CHRISTIANSEN ; M.A.J. SOMERS. Int. J. Mat.
Res., 2009, vol. 100, 1361-1377 [0032]

J.W. SIMMONS. PhD thesis, Oregon Graduate Insti-
tute of Science and Technology, 1993 [0041]



	bibliography
	description
	claims
	drawings
	cited references

