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METHOD FOR PRODUCING A CHROMIUM COATING ON A METAL
SUBSTRATE

FIELD OF THE INVENTION

The invention relates to a method for produc-
ing a trivalent chromium based coating on a metal sub-
strate. The invention also relates to a coated article

produced by said method.

BACKGROUND OF THE INVENTION

Chromium coating is widely used as a surface
coating for metal articles because of its high hard-
ness value, attractive appearance and superior wear
and corrosion resistance. Traditionally, Cr deposition
is accomplished by electroplating from an electrolytic
bath containing hexavalent Cr ions. The process 1is
highly toxic in nature. Lots of efforts have been made
to develop alternative coatings and coating processes
to replace hexavalent Cr 1in electroplating. Among
those alternative processes, trivalent Cr electroplat-
ing seems to be attractive due to its low cost, con-
venience of fabrication through the use of environmen-
tal friendly and non-toxic chemicals, and ability to
produce a bright Cr deposit. However, an industrial
scale process giving a hard and corrosion resistant Cr
deposit through an aqueous trivalent chromium solution
is still missing. Among the industry, there is a hec-
tic need for a well manageable and easy to use triva-
lent Cr based coating process to replace the current
use of hexavalent Cr in coating.

Electroless deposition of nickel has also
been proposed as an alternative to hard chromium plat-
ing. Drawbacks of Ni electroless deposition include
deficiencies 1in hardness, friction coefficient, wear
and corrosion resistance and adhesion. Electroless

nickel and functional chromium are not interchangeable
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coatings. The two have unique deposit properties and,
therefore, each has its distinct applications.

It is well known in the art that the hardness
of a chromium coating can be improved, to some extent,
by thermal treatment. According to ©P. Benaben, An
Overview of Hard Cromium Plating Using Trivalent Chro-
mium Solutions, Thttp://www.pfonline.com/articles/an-
overview-of-hard-chromium-plating-using-trivalent-
chromium-solutions, the microhardness of a chromium
deposit as-plated is about 700-1000 HVip. By a heat
treatment at 300-350°C the microhardness of trivalent
Cr can be increased up to about 1700-1800 HVigy. At
higher temperatures the hardness of the Cr deposit
tends to decrease. Adhesion of a trivalent Cr layer is
known to cause problems. The process chemistry of
known trivalent Cr baths is often very complicated and
hard to manage.

US 5271823 A discloses a method for providing
a wear resistant Cr coating on a metal object, includ-
ing the steps of electrodepositing a coating made
solely from trivalent Cr ions and devoid of hexavalent
Cr ions on the object and heating the coating to a
temperature of at least 66°C for at least 30 minutes.

US 5413646 A discloses a method for electro-
plating a workpiece, comprising the steps of providing
a plating bath comprising trivalent Cr produced by re-
ducing a Cr(VI) compound to Cr(III) compound with
methanol or formic acid, providing an anode in the
plating bath, placing the workpiece in the bath to act
as a cathode, electroplating a chromium and iron metal
layer onto the workpiece, and heating the workpiece
from about 316°C to about 913°C for a sufficient period
of time to harden the workpiece while retaining or in-
creasing the hardness of the chromium alloy plated on
the workpiece.

US 68406367 B2 discloses a heat-treating meth-

od for improving the wear and corrosion resistance of
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a chromium-plated steel substrate, comprising the
steps of plating a chromium layer onto an steel sub-
strate and heating the chromium-plated steel substrate
in an oxidizing gas environment at above atmospheric
pressure to form oxidized layers containing magnetite
(Fes04) on the surface of the steel substrate, the sur-
face of the steel substrate being partly exposed to
the air through penetrating cracks formed in the chro-
mium layer.

US 7910231 B2 discloses a method for produc-
ing a coated article comprising a substrate and a
coating on the substrate, the coating comprising chro-
mium and phosphorus, Cr and P being present in at
least one of the compounds CrP and Cr;P. Phosphorus is
brought into the coating as a part of the chromium so-
lution, and the maximum hardness that can be reached
after a heat treatment is 1400-1500 HV. The coating
lacks nickel, as do all the other chromium coatings
referred to above.

The hardness, friction coefficient, wear and
corrosion resistance of known trivalent Cr coatings
are not sufficient to satisfy the demands of industry.
The coating processes of prior art are not capable of
producing coatings with a Vickers microhardness wvalue
of about 2000 HV or more.

Apparently, there 1is a need in the art to
find a cost-effective trivalent Cr electroplating
method, which is able to yield such utmost mechanical
properties that enable replacement of hexavalent Cr

baths in industrial use.

PURPOSE OF THE INVENTION

The purpose of the invention is to reduce and
eliminate the problems faced in the prior art.

Another purpose of the invention is to offer
a coating process that is able to yield high hardness

values for a coated article.
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A further purpose of the invention is to pro-
duce a trivalent Cr based coating having superior me-
chanical and chemical properties.

A still further purpose of the invention is
to provide a <coating with progressively increasing
hardness of 1layers so that the coating is able to
withstand surface pressure already at relatively low
thicknesses. This brings about cost savings as a suf-
ficient performance can be reached with thinner coat-

ings and lower production costs.

SUMMARY

The method according to the present invention
is characterized by what is presented in claim 1.

The coated article according to the present
invention 1is characterized by what is presented in
claim 19.

The method according to the present invention
comprises depositing a layer of nickel phosphorus al-
loy (Ni-P) on a metal substrate and electroplating a
chromium layer from a trivalent chromium bath on the
layer of Ni-P. After that the coated metal substrate
is subjected to one or more heat treatments to amend
the mechanical and physical properties of the coating
and to produce multiphase layers including at least
one layer containing crystalline Ni and crystalline
NizP and at least one layer containing crystalline Cr
and crystalline CrNi.

According to one embodiment of the present
invention, the method comprises an additional step of
electroplating a nickel underlayer on the metal sub-
strate before the step of depositing the Ni-P layer.

According to another embodiment of the pre-
sent invention, the method comprises a step of depos-
iting a layer of nickel between the Ni-P layer and the

Cr layer.
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According to one aspect of the invention, the
method comprises two or more heat treatments of the
coated metal substrate. The heat treatments can be
carried out at the same temperature or at different
temperatures.

The Ni-P layer can be deposited by electro-
less plating or electroplating.

The phosphorus content of the Ni-P alloy can
be in the range of 1-20%. Advantageously, the phospho-
rus content is in the range of 3-12%, preferably 5-9%.

The thickness of the Ni-P layer can be in the
range of 1-50 um, preferably 3-30 um.

The thickness of the Cr layer can be in the
range of 0.05-100 pm, preferably 0.3-5 pm. When pro-
ducing a decorative coating, the thickness of Cr layer
is typically 0.3-1 um. When producing a technical
coating, the thickness of Cr layer is typically 1-10
pm.

In one embodiment of the invention, the tem-
perature in the first heat treatment is 200-500°C,
preferably 350-450°C, and the temperature in the sec-
ond heat treatment is 500-800°C, preferably 650-750°C.

In another embodiment of the invention, the
temperature in the first heat treatment is 500-800°C,
preferably 650-750°C, and the temperature in the sec-
ond heat treatment is 200-500°C, preferably 350-450°C.

One embodiment of the present invention com-
prises producing a decorative and corrosion resistant
coating on a metal substrate. In that case, the method
comprises depositing a bright Ni layer on the metal
substrate, depositing a Ni-P layer on the bright Ni
layer and depositing a Cr layer by electroplating on
the Ni-P layer, after which the coated metal substrate
is subjected to heat treatment at 200-500°C for 15-30
minutes. Alternatively, said layers can be deposited
in partly reversed order so that a Ni-P layer is de-

posited directly on the metal substrate, a bright Ni



CA 02897265 2015-07-06

WO 2014/111624 PCT/F12014/050029

10

15

20

25

30

35

layer is deposited on the Ni-P layer and a Cr layer is
deposited on the bright Ni layer.

Another embodiment of the present invention
comprises producing a hard chrome coating on a metal
substrate. in that case, the method comprises deposit-
ing a Ni-P layer on the metal substrate and depositing
a trivalent Cr layer Dby electroplating on the Ni-P
layer, after which the coated metal substrate is sub-
jected to a first heat treatment at 650-750°C for 15-
30 minutes and to a second heat treatment at 400-500°C
for 15-30 minutes. The number of heat treatments can
be higher than two.

One embodiment of the present invention com-
prises producing a multilayer coating by repeating at
least once the steps of depositing a layer of nickel
phosphorus alloy and electroplating a chromium layer
from a trivalent chromium bath, after which the coated
metal substrate is subjected to the said one or more
heat treatments.

One embodiment of the present invention com-
prises depositing a strike layer on the layer of tri-
valent chromium before depositing a new layer of nick-
el phosphorus alloy. A strike layer can be used to im-
prove the adhesion between two layers. The strike lay-
er can consist of, for instance, sulphamate nickel,
bright nickel, titanium, or any other suitable materi-
al.

The method can also comprise depositing an
intermediate layer between the layers of Ni-P and Cr,
the intermediate layer consisting of another metal or
metal alloy or ceramic. Suitable metals are, for in-
stance, copper and molybdenum. Suitable ceramics are,
for instance, oxides, nitrides and carbides of differ-
ent metals.

In one embodiment of the invention, at least
one of the heat treatments is carried out at a temper-

ature which leads to hardening of the metal substrate
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at the same time as the coating is hardened. In that
case, the heat treatment can be carried out at a tem-
perature of 750-1000° C, preferably 800-950° C.

It is also possible to once more harden a
metal substrate that has already been subjected to
hardening before coating.

Further, it is also possible to subject the
coated object to annealing or tempering at a lower
temperature after the object has been subjected to
hardening at a higher temperature.

In one embodiment of the invention, a top
layer is deposited on the coated metal substrate using
thin film deposition. The top layer can be made of any
suitable material that is able to give the coated sur-
face the desired properties; for instance, the top
layer can consist of metal, metal alloy or ceramic,
such as titanium nitride, chromium nitride, or diamond
like carbon (DLC). The thin film deposition technique
to be used can be selected from the group comprising
physical wvapor deposition (PVD), chemical wvapor depo-
sition (CVD), atomic layer deposition (ALD), and phys-
ical-chemical deposition.

Heat treatment of coated metal substrate can
be carried out, for 1instance, 1in conventional heat
treatment furnaces. Alternatively, heat treatment can
be carried out by processes based on induction heat-
ing, flame heating or laser heating. Induction heating
is a no-contact process that quickly produces intense,
localized and controllable heat. With induction, it is
possible to heat only the selected parts of the coated
metal substrate. Flame heating refers to processes
where heat is transferred to the workpiece by means of
a gas flame without the workpiece melting or material
being removed. Laser heating produces local changes at
the surface of the material while leaving the proper-
ties of the bulk of a given component unaffected.

Heat-treating with laser involves solid-state <trans-
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formation, so that the surface of the metal is not
melted. BRoth mechanical and chemical properties of a
coated article can often be greatly enhanced through
the metallurgical reactions produced during heating
and cooling cycles.

By means of a method according to the present
invention it is possible to produce coatings having an
excellent corrosion resistance and an extremely high
and adjustable hardness (Vickers microhardness 1000-
3000 HV). The coating process 1is safe and less toxic

than hexavalent chromium containing processes.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are included
to provide a further understanding of the invention
and constitute a part of this specification, illus-
trate embodiments of the invention and together with
the description help to explain the principles of the
invention.

Fig. 1 is a bar chart showing the coating
hardness as a function of time and temperature in the
second heating step when the first step was carried
out at 400°C.

Fig. 2 is a bar chart showing the coating
hardness as a function of time and temperature in the
second heating step when the first step was carried
out at 700°C.

Fig. 3 1is an example of EDS spectrum of a
coating after a duplex heat treatment at 400°C and
700°C.

Fig. 4 is a graph showing a part of the XRD
spectrum of the coating of Fig. 3.

Fig. 5 1s an example of EDS spectrum of a
coating after duplex heat treatment at 700°C and 400°C.

Fig. 6 is a graph showing a part of the XRD
spectrum of the coating of Fig. 5.
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Fig. 7 1s a graph showing the XRD and GID
spectra of a coating according to the present inven-
tion.

Fig. 8 1s a graph showing two examples of
possible heat treatment sequences.

Fig. 9 is a cross-sectional micrograph of a
coated surface.

Fig. 10 is a graph showing a part of the XRD
spectrum of a conventional coating.

Fig. 11 is a graph showing the friction coef-
ficients of the new coating and of three reference

coatings.

DETAILED DESCRIPTION OF THE INVENTION

The metal substrate to be coated by the pre-
sent method can be any metal article made of, for in-
stance, steel, copper, bronze, brass, etc. Depending
on the heat treatment sequence and temperature used,
the new coating method can be used both in decorative
chromium plating and hard chromium plating.

The metal substrate to be coated 1is first
subjected to appropriate pretreatment steps, such as,
for instance, chemical and/or electrolytic degreasing
to remove o0il and dirt from the surface to be coated,
and pickling to activate the surface before the actual
coating and plating steps.

If necessary, the pretreated metal substrate
is then subjected to an optional nickel deposition
step. In this step, the metal substrate is immersed
into a suitable nickel bath, for instance a bath of
nickel sulfamate, through which an electric current is
passed, resulting in deposition of a Ni underlayer on
the metal substrate. The procedure can be repeated as
many times as necessary in case more than one Ni un-
derlayer 1is needed. In connection with decorative
chromium coating, a bright nickel bath can be employed

to produce a bright and corrosion resistant Ni under-
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layer. The Ni underlayer can alternatively be produced
by electroless deposition. The thickness of the Ni un-
derlayer can be, for instance, 10-20 pm. In connection
with hard chromium coating, a Ni underlayer can usual-
ly be omitted as no additional corrosion protection is
needed.

Next, the metal substrate is subjected to
electroless nickel-phosphorus deposition, whereby a
Ni-P layer is chemically deposited on the Ni underlay-
er, or directly on the pretreated metal substrate when
no Ni underlayer is needed. The Ni-P layer can be de-
posited, for instance, from a solution formulated with
sodium hypophosphite as the reducing agent. This re-
sults in a nickel film that is alloyed with phosphorus
in a range between 1 and 12%. Preferably, the Ni-P al-
loy deposited according to the present invention com-
prises phosphorus 5-9 wt-%. The thickness of the Ni-P
layer can be 1-100 pm, preferably 3-30 pm. Alterna-
tively, the Ni-P layer can be deposited by electro-
plating.

After deposition of the Ni-P layer, the metal
substrate is subjected to trivalent chromium deposi-
tion by electroplating. Cr electroplating can be car-
ried out by any suitable method that is industrially
usable, for instance, 1in decorative Cr plating. One
example of processes and electrolyte solutions that
can be used is the one traded by Atotech Deutschland
GmbH under the trade name Trichrome Plus®. This elec-
trolyte solution comprises 20-23 g/l trivalent chromi-
um ions and 60-65 g/l boric acid. The working parame-
ters of the process are: pH 2.7-2.9, temperature 30-
43°C, and cathodic current density 8-11 A/dm’. The
thickness of the Cr layer deposited can be 0.05-100
pm, preferably 1-10 pm.

Alternatively, a layer of bright nickel can

be deposited on the NI-P layer before the step of Cr
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electroplating. This i1is favorable in particular in
connection with decorative coatings.

After deposition of Cr layer, the coated met-
al article is subjected to one or more heat treatment
sequences at a temperature between 200-1000°C for a
selected period. Preferably, the process comprises two
Or more successive heat treatments, between which the
coated metal substrate is cooled.

Fig. 8 shows the temperature as a function of
time during two heat treatment sequences that are
suitable for use in connection with the present inven-
tion. The solid line represents a heat treatment se-
quence comprising a first step at 400°C, followed by
cooling and a second step at 700°C. In this case,
hardness wvalues of about 2500 HV can be reached. The
broken line represents a heat treatment sequence com-
prising a first step at 700°C, followed by cooling and
a second step at 400°C. In this case, hardness values
of about 3000 HV can be reached.

Heat treatments can take place in a conven-
tional gas furnace, by means of induction heating, la-
ser heating, flame heating, or any other suitable
heating method. After each heat treatment the metal
substrate is cooled. Cooling can be carried out by
quenching in water or any other cooling liquid or in
open air. Cooling can also be carried out at gas at-
mosphere to adjust the coating color.

It has been noticed that improved surface
properties, such as notably high hardness wvalues, in-
creased corrosion and wear resistance, and reduced
friction coefficient, can be acquired by the heat
treatment of the present multiphase coating. For in-
stance, hardness wvalues as high as 2500-3000 HV have
been measured in the tests.

In decorative embodiments, such as lock ele-
ments made of brass, which need a good corrosion re-

sistance, the structure of the coating can be, for in-
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stance, as follows: a layer of bright Ni with a thick-
ness of 10 pm, a layer of Ni-P with a thickness of 3
um, and a layer of trivalent Cr with a thickness of 1
um. Heat treatments can comprise one single step of
15-30 minutes at 200-500°C.

In technical embodiments, such as shafts of
hydraulic cylinders, the composition of the coating
can be, for instance, as follows: a layer of Ni sulfa-
mate with a thickness of 10 pm, a layer of Ni-P with a
thickness of 7-20 pm, covered by a layer of trivalent
Cr with a thickness of 4-10 pum. Heat treatments can
comprise two steps, for instance a first step of 30
minutes at 600°C and a second step of 30 minutes at
400°C; or a first step of 30 minutes at 700°C and a
second step of 30 minutes at 400 or 500°C.

EXAMPLE 1

In order to demonstrate the efficacy of the
present invention, several metal substrates were coat-
ed with nickel and chromium and subjected to duplex
heat treatment sequence. The coated metal substrates
used in the tests comprise a steel substrate covered
by a Ni-P layer with a thickness of 7 um and a Cr lay-
er with a thickness of 4 um.

The first heating step was carried out at a
temperature between 200°C and 700°C for 30 or 45
minutes, after which the metal substrate was cooled.
The second heating step of the same sample was carried
out at a temperature between 400°C and 700°C with a du-
ration between 5 and 30 minutes, after which the metal
substrate was cooled again.

The hardness values of the coated and heat
treated metal substrates was measured by Vickers hard-
ness test in micro range using indenter weights of 5,
10 or 25 g depending on the thickness of the coating
according to EN-ISO 6507.
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The corrosion resistance of the coated and
heat treated metal substrates was measured by Acetic
Acid Salt Spray Test (AASS) according to SFS-EN ISO
9227,

The friction coefficients of the coated and
heat treated metal substrates were measured with a
A shaft was ro-
A ball of
made of Al,0; was pressed against the rotating surface
with a load of 100-500 g.

Corrosion and friction tests were made with

Pin-On-Disk friction measuring device.

tated at a speed of 300 rpm for 30 minutes.

the same testing parameters to compare the new coating
to other commercial references.

Table 1
coefficient measured from three

products (A, B, ()

shows the hardness, wear depth and

friction commercial
and the same properties measured
from a coating according to the present invention (D).
POD wear tests were carried out with an aluminum oxide
ball of 200 g at a speed of 300 rpm. In the wear test
of the new coating the Al,0; ball was worn out whereas

the coating remained intact.

TABLE 1
Coating Hard- Wear Friction Coating
ness HV | depth | coeffi- thick-
nm cient ness um
A | Hard chrome 950 0.6 0.38 40
B | Thermal 1300 0.45 0.7 300
spraying 7505
C | Black nitra- 500 2 0.5
tion
D | 700°C/30 min 2400 0 0.14 20
+ 400°C 30
min
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The difference between the friction coeffi-
cient of the new coating D and that of the reference
coatings A, B and C also illustrated in Fig. 11.

The results of the tests indicate that the
hardness of the coating increases as the temperature
of the first heating step 1is raised from 200°C to
700°C. If the process comprises only one heating step,
a temperature between 400°C and 600°C gives hardness
values between 1600 and 1900 HV. By comparison, when
using processes of the prior art, the maximum attaina-
ble hardness values are about 1800 HV.

It was discovered that the second heating
step further increases the hardness received in the
first heating step. Hardness values well over 2000 HV
could be measured, the highest values being as high as
2500-3000 HV. It was also discovered that the duration
of the second heat treatment should be optimized based
on the temperature used in the first heat treatment in
order to reach the maximum hardness.

Two optimal combinations of duplex heat
treatments could be experimentally identified.

Fig. 1 shows hardness values of the new coat-
ing as a function of the length and temperature of the
second step of a duplex heat treatment. The first step
lasted 45 minutes at 400°C. The second step was car-
ried out at temperatures of 400°C, 500°C, 600°C and
700°C. The treatment in each temperature lasted 5, 10,
15, 20 or 30 minutes. Hardness values were also meas-
ured after the first step, indicated as 0 minutes in
the graph.

Good results could be achieved by a combina-
tion of a first step at 400°C and a second step at
700°C. Hardness values of about 2500 HV were measured
after the second step carried out at 700°C with a du-
ration of 15-30 minutes.

Fig. 2 shows in a similar way the hard-

ness values of the new coating. In this case the first
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step lasted 30 minutes at 700°C. The second step was
carried out at temperatures of 400°C, 500°C, 600°C and
700°C. The treatment in each temperature lasted 5, 10,
15, 20 or 30 minutes. Hardness values were also meas-
ured after the first step, indicated as 0 minutes in
the graph.

Good results could be achieved by a combina-
tion of the first step at 700°C and the second step at
400°C. Hardness values of about 3000 HV were measured
after the second step carried out at 400°C with a du-
ration of 15-30 minutes.

Fig. 9 shows a SEM micrograph of the cross-
section of a coated surface. Cross-sectional views
taken from coatings according to the present invention
verified the existence of three or four different lay-
ers in the coating. The heat treatment of a coated
metal substrate affects the Ni-P containing layer and
the Cr containing layer, creating various phases with-
in and between the coating layers as a result of dif-
fusion, which phases improve the performance of the
plating, for instance, against mechanical exertion.
Hyper ternary multiphase alloy contains new extremely
hard structures created during the heat treatment.

It could be verified that with a thin layer
of Cr, preferably less than 10 pm, and a suitable du-
plex heat treatment sequence, plated metal surfaces
with low friction coefficient and very high hardness

can be produced.

EXAMPLE 2

A steel substrate was coated with a layer of
Ni-P with a thickness of 7 um and a layer of Cr with a
thickness of 4 um. Heat treatment was carried out in
two steps: the first step took 45 minutes at 400°C and
the second step took 30 minutes at 700°C.
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The hardness values measured from the coating
after the duplex heat treatment were about 2500 HYV,
measured with a load of 10 g.

A layered structure could be identified in a
cross-sectional micrograph of the coated surface. The
composition of the coating was analyzed by energy-
dispersive X-ray spectroscopy (EDS) by having an elec-
tron beam follow a line on the sample image and gener-
ating a plot of the relative proportions of previously
identified elements along that spatial gradient. Fig.
3 shows the EDS spectrum of the sample. On the left
there 1is the steel substrate. On the right there 1is
the outer surface of the coating.

The following layers can be identified in the
sample, proceeding from the steel substrate toward the
outer surface of the coating:

- a layer rich in Fe (steel substrate),

layer mainly containing Fe and Ni,
- layer mainly containing Ni and P,
layer mainly containing Ni and Cr,

layer mainly containing Cr and O,

|
SLER AV O N A

layer mainly containing Cr and C.
Also the X-ray diffraction spectrum (XRD) of
the sample was measured. Fig. 4 shows a part of the

XRD spectrum of the sample.

EXAMPLE 3

Another steel substrate was coated with a
similar coating as 1in Example 2: a layer of nickel
phosphorus with a thickness of 7 pm and a layer of
chromium with a thickness of 4 pum. Heat treatment was
carried out 1in two steps: the first step took 30
minutes at 400°C and the second step took 30 minutes
at 700°C.

The hardness values measured from the coated
and heat treated metal substrate were about 2500-3000
HV, measured with a load of 10 g.
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A layered structure could be identified in a
cross-sectional micrograph of the coating. Fig. 5
shows the EDS of the sample. The following layers can
be identified in the sample, proceeding from the steel
substrate toward the outer surface of the coating:

- a layer rich in Fe (steel substrate),

layer mainly containing Fe and Ni,
- layer mainly containing Ni and P,
layer mainly containing Ni and Cr,

layer mainly containing Cr and O,

|
SLER AV O N A

layer mainly containing Cr and C.

Fig. 6 shows a part of the XRD spectrum of
the sample.

The XRD spectra of Fig. 4 (400°C + 700°C) and

Fig. 6 (700°C + 400°C) indicate that, in both cases,
there are crystalline phases present in the coating.
For the sake of comparison, Fig. 10 illustrates the
XRD spectrum of a reference sample of the present
state of the art, comprising a steel substrate coated
with nickel and trivalent chromium and heat treated.
The hardness of this sample is 1800 HV. It is evident
that the spectra of Fig. 4 and Fig. 6 differ from the
spectrum of Fig. 10.

EXAMPLE 4

Grazing incidence diffraction (GID) was used
to get a near-surface depth profile of the phase
structure of the coated surface. The results are shown
in Fig. 7, with the conventional XRD spectrum on the
bottom. The incident angles 1.2° 5.5 and 8.5° repre-
sent different depths of the coating. Peaks of the XRD
spectra measured with different incident angles were
identified by comparing the measured spectra with the
spectra of the elements known to be contained in the
coated substrate.

The XRD spectra of the coated surface contain

two higher peaks and several lower peaks. The first
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peak is located close to a diffraction angle 26 of 44-
45°, corresponding to crystalline phases of NisP, Ni
and Cr. There are also traces of crystalline isovite
(Cr,Fe),3C¢, CrNi and Cr,B in the coating. The second
peak is located close to a diffraction angle 26 of 51-
52°, corresponding to crystalline phases of Ni and
CrNi. Additionally, there is evidence of crystalline
phases of Cr;0;, CrsC;, Cr;B and CrFeO in the layers
close to the surface. Deeper in the coating there is
evidence of crystalline phases of Ni;P, Ni, Cr, FeNi,
Cr;0; and CrNi. The presence of CrNi could also be de-
tected in the EDS measurements (energy-dispersive X-

ray spectroscopy, see example 2).

EXAMPLE 5

A hardenable or surface-hardened metal object
was coated with a strike nickel layer of 1 um, a Ni-P
layer of 3 um and a Cr layer of 4 um. The total thick-
ness of the coating was about 8 um. After this the ob-
ject was heat-treated by induction heating.

First the object was pre-heated by means of
an induction loop with a power of 26 kW and a speed of
1500 mm/min. Then the temperature of the object sur-
face was raised up to 850°C by induction with a power
of 26 kW and a speed of 1500 mm/min, after which the
object was cooled with water jet.

The surface of the base material was hardened
into the depth of about 1 mm and the hardness of the
coating increased. The Rockwell hardness of the base
material after hardening was 58 HRC and the Vickers

microhardness of the coating was about 1800 HV.

EXAMPLE 6

A hardenable metal object was coated with a
strike nickel layer of 1 pum, a Ni-P layer of 3 um and
Cr layer of 4 um. The total thickness of the coating
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was about 8 um. After this the object was heat-treated
by induction heating in one step.

The temperature of the object surface was
raised up to 850°C by induction with a power of 60 kW
and a speed of 1500 mm/min, after which the object was
cooled with water jet.

The base material was hardened and the hard-
ness of the coating increased. The Rockwell hardness
of the base material after hardening was 55 HRC and
the Vickers microhardness of the coating was about
1600 HV.

EXAMPLE 7

An object was coated with a Ni-P layer of 7
um and a Cr layer of 5 um. The coated object was heat-
ed at 700°C for 30 minutes. After this a top layer of
DLC (diamond like carbon) was deposited on the coated
object by thin film deposition.

The coating was very hard. The Pin-on-Disc
sliding wear of the coated surface was 0 pm (test con-
ditions: 210 min, 500 g load and 300 rpm). The fric-
tion coefficient of the coated surface was 0.24. The
AASS corrosion test gave a value of over 200 h.

Alternatively, the top layer could also have
been applied directly on the Ni-P,Cr coating, in which
case the heat treatment could have been carried out
after the thin film deposition step.

It is obvious to a person skilled in the art
that with the advancement of technology, the basic
idea of the invention may be implemented in wvarious
ways. The invention and its embodiments are thus not
limited to the examples described above; instead they

may vary within the scope of the claims.
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CLAIMS

1. A method for producing a trivalent chromium based coating on a
metal substrate, comprising the steps of:
- depositing a layer of nickel phosphorus alloy on a metal
substrate;
— electroplating a chromium layer from a trivalent chromium
bath on the layer of Ni-P; and
— subjecting the trivalent chromium based coating on the metal
substrate to one or more heat treatments to harden the coating
to have a Vickers microhardness of 1000 - 3000 HV and to
produce multiphase layers including at least one layer
containing crystalline Ni and crystalline NizP and at least

one layer containing crystalline Cr and crystalline CrNi.

2. A method according to claim 1, further comprising the step of
electroplating a nickel under-layer on the metal substrate

before the step of depositing the Ni-P layer.

3. A method according to claim 1, further comprising the step of
electroplating an intermediate layer of nickel between the Ni-

P layer and the Cr layer.

4. A method according to any one of claims 1 to 3, comprising two

or more heat treatments of the coated metal substrate.

5. A method according to any one of claims 1 to 4, wherein the
Ni-P layer is deposited on the metal substrate by electroless

plating or electroplating.
6. A method according to any one of claims 1 to 5, wherein the

phosphorus content of the Ni-P alloy is in the range of 3-12

wt-%.

CA 2897265 2020-03-19
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A method according to any one of claims 1 to 5, wherein the
phosphorus content of the Ni-P alloy is in the range of 5-9

wt—-%.

A method according to any one of claims 1 to 7, wherein the

thickness of the Ni-P layer is 1-50 um.

A method according to any one of claims 1 to 7, wherein the

thickness of the Ni-P layer is 3-30 um.

A method according to any one of claims 1 to 9, wherein the

thickness of the Cr layer is 0.05-100 pm.

A method according to any one of claims 1 to 9, wherein the

thickness of the Cr layer is 0.3-5 pm.

A method according to claim 4, wherein a temperature in the
first heat treatment is 200-500°C and a temperature in the

second heat treatment is 500-800°C.

A method according to claim 12, wherein the temperature in the

first heat treatment is 350-450°C.

A method according to any one of claims 12 and 13, wherein the

temperature in the second heat treatment is 650-750°C.

A method according to claim 4, wherein a temperature in the
first heat treatment is 500-800°C and a temperature in the

second heat treatment is 200-500°C.

A method according to claim 15, wherein the temperature in the

first heat treatment is 650-750°C.

CA 2897265 2020-03-19
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17. A method according to any one of claims 15 and 16, wherein the

temperature in the second heat treatment is 350-450°C.

18. A method according to claim 1 for producing a decorative and
corrosion resistant coating on a metal substrate, comprising
the steps of:

— depositing a layer of bright Ni on the metal substrate;

- depositing a layer of Ni-P on the layer of bright Ni;

- electroplating a chromium layer from a trivalent chromium
bath on the layer of Ni-P; and

- subjecting the coated metal substrate to a heat treatment at

200-500°C for 15-30 minutes.

19. A method according to claim 1 for producing a hard chrome
coating on a metal substrate, comprising the steps of:
— depositing a layer of Ni-P on a metal substrate;
- electroplating a chromium layer from a trivalent chromium
bath on the layer of Ni-P;
- subjecting the coated metal substrate to a first heat
treatment at 650-750°C for 15-30 minutes; and
~ subjecting the coated metal substrate to a second heat

treatment at 400-500°C for 15-30 minutes.

20. A method according to claim 1 for producing a multilayer
coating on a metal substrate, comprising repeating at least
once the steps of depcsiting a layer of nickel phosphorus
alloy and electroplating a chromium layer from a trivalent
chromium bath, after which the coated metal substrate is

subjected to the said one or more heat treatments.

CA 2897265 2020-03-19
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21. A method according to claim 20, further comprising the step of
depositing a strike layer on the layer of trivalent chromium

before depositing a new layer of nickel phosphorus alloy.

22. A method according to claim 20 or 21, further comprising the
step of depositing an intermediate layer between the layers of
Ni-P and Cr, the intermediate layer consisting of another

metal or metal alloy or ceramic.

23. A method according to any one of claims 1 to 10 or 20 to 22,
wherein at least one of the heat treatments is carried out at
a temperature which leads to hardening of the metal substrate

at the same time as the coating i1s hardened.

24. A method according to claim 23, wherein at least one of the
heat treatments is carried out at a temperature of 750-1000°

C.

25. A method according to claim 23, wherein at least one of the

heat treatments is carried out at a temperature of 800-950° C.

26. A method according to any one of claims 1 to 25, further
comprising the step of depositing a top layer on the coated

metal substrate using thin film deposition.

27. A method according to any one of claims 1 to 25, further
comprising the step of depositing a top layer on the coated

metal substrate using physical vapor deposition (PVD).
28. A method according to any one of claims 1 to 25, further

comprising the step of depositing a top layer on the coated

metal substrate using chemical vapor deposition (CVD).

CA 2897265 2020-03-19
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29. A method according to any one of claims 1 to 25, further
comprising the step of depositing a top layer on the coated

metal substrate using atomic layer deposition (ALD).

30. A coated article produced by any one of the methods according
to claims 1 to 29, comprising a metal substrate and a coating
deposited on said metal substrate, the coating comprising
multiphase layers having a Vickers microhardness of 1000 -
3000 HV produced by heat treatment of the coated metal
substrate, said multiphase layers including at least one layer
containing crystalline Ni and crystalline NizP, and at least

one layer containing crystalline Cr and crystalline CrNi.

CA 2897265 2020-03-19
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