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Description

TECHNICAL FIELD

[0001] The present invention relates to titanium used in outdoor applications (roofs, walls, and the like), more particularly
relates to colored pure titanium and titanium alloy (below, simply referred to as "colored titanium") having a low suscep-
tibility to discoloration in an atmospheric environment.

BACKGROUND ART

[0002] Pure titanium and titanium alloy (below, simply referred to as "titanium") exhibit remarkably superior corrosion
resistance in atmospheric environments, so are being used for building material applications such as roofs and walls at
seaside areas. Approximately 10 years has elapsed since titanium began to be used for roofing materials and the like,
but up until now there have been no examples where corrosion has been reported as occurring. However, depending
on the usage environment, there are cases when the titanium surface used over an extended period of time changes
to a dark gold color.
[0003] The discoloration is limited to the uppermost surface layer, so does not impair the anticorrosive function of the
titanium, but from the viewpoint of aesthetic appearance, this sometimes becomes a problem. To eliminate the discol-
oration, the titanium surface is wiped using nitric acid, hydrofluoric acid, and other acid or the discolored part is removed
by light polishing using abrasive papers and abrasive agents. When treating a large area titanium surfaces such as a
roof, there are problems from the viewpoint of workability.
[0004] The cause of the discoloration in titanium still has not been sufficiently explained, but occurrence due to Fe,
C, SiO2, and the like suspending in the atmosphere adhering to the titanium surface and the possibility of occurrence
due to an increase in the film thickness of the titanium oxide on the titanium surface are suggested. Further, as a method
to reduce the discoloration, as disclosed in Japanese Patent Publication (A) No. 2000-1729, applying titanium having
an oxide film of 10 nm or less on the titanium surface and given a surface carbon concentration of 30 at (atomic)% or
less has been reported to being effective.
[0005] However, the present inventors carefully studied the effect of the thickness of the oxide film and carbon con-
centration on the surface on the discoloration using surface analysis of roofing materials made of titanium causing
discoloration at different areas of Japan so as to prevent discoloration and as a result discovered that, unlike Japanese
Patent Publication (A) No. 2000-1729, an oxide film thickness which is relatively thick is effective for the improvement
of the resistance to discoloration. Further, in regards to the carbon, they discovered that discoloration is promoted by
the carbon concentrated on the surface producing carbides.
[0006] As a result, they proposed titanium which has a relatively thick oxide film thickness and a low carbon concen-
tration on the surface (142nd ISIJ Meeting, Current Advances in Materials and Processes, CAMP-ISIJ Vol. 14 (2001)-
1336, 1337, 1338, and 1339). Further, by thickening the oxide film on the titanium surface, it is possible to reduce the
carbon concentration at the titanium surface and form a titanium oxide layer as described above to greatly improve the
resistance to discoloration even for colored titanium using the interaction. However, in harsh acid rain environments,
the titanium oxide layer is altered in some cases, so colored titanium having a further superior resistance to discoloration
is being sought.

DISCLOSURE OF THE INVENTION

[0007] In the above way, the resistance to discoloration of the titanium disclosed in the 142nd ISIJ Meeting, Current
Advances in Materials and Processes, CAMP-ISIJ Vol. 14 (2001)-1336, 1337, 1338, and 1339 is good, but for colored
titanium changed in color by changing the thickness of the oxide film on the titanium surface, it is desirable to further
improve the resistance to discoloration in an environment with a high air temperature is high and harsh acid rain.
[0008] The present invention, in view of this situation, has as its object to provide colored titanium exhibiting a superior
resistance to discoloration even when the titanium is used in an atmospheric environment such as a roof or wall material,
and undergoes little deterioration in its aesthetic appearance over a long period of time, and has a low susceptibility to
discoloration in an atmospheric environment.
[0009] The present invention was completed based on the above discovery and has as its gist the following.

(1) Colored pure titanium or titanium alloy having low susceptibility to discoloration in an atmospheric environment
characterized by having an average phosphorus content in a range of 40 nm from a surface of a titanium oxide layer
formed on the titanium surface of 5.5 atomic% or less and by having an average carbon concentration in a range
of a depth of 100 nm from the titanium surface of 3 to 15 atomic%.
(2) Colored pure titanium or titanium alloy having low susceptibility to discoloration in an atmospheric environment
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as set forth in (1) characterized by having an average sulfur content in a range of 30 nm from the surface of the
titanium oxide layer formed on the titanium surface of 0.2 to 5 atomic%.
(3) Colored pure titanium or titanium alloy having low susceptibility to discoloration in an atmospheric environment
as set forth in (1) or (2) characterized by having a thickness of the titanium oxide layer formed on the titanium surface
of 40 to 60 nm.

BEST MODE FOR CARRYING OUT THE INVENTION

[0010] The present inventors intensively studied improvement of the resistance to discoloration of colored titanium in
an environment of harsh acid rain whereupon they discovered that it is possible to remarkably improve the resistance
to discoloration of the colored titanium by the reduction of the concentration of phosphorus in the titanium oxide layer
on the titanium surface and by the content of the sulfur. Below, the case of pure titanium will be used for a detailed
explanation, but the same can be applied even in the case of a titanium alloy.
[0011] Colored titanium is generally industrially produced by a method called the "anodic oxidation method". The
anodic oxidation method is a method of immersing titanium in an aqueous solution, applying voltage between titanium
as an anode and a suitable material of a cathode, changing the voltage to change the thickness of the titanium oxide
layer of the titanium surface, and thereby fabricating colored titanium of various colors. However, the colored titanium
obtained by the anodic oxidation method had the concern that in an environment of a high average air temperature and
a low pH of the rainwater, that is, a harsh acid rain, the titanium oxide layer formed by the anodic oxidation method is
transformed and discolored.
[0012] The inventors discovered that to prevent this kind of transformation, reducing the phosphorus content in the
titanium oxide layer works very effectively. The transformation of the titanium oxide layer is a phenomenon involving the
surface of the titanium oxide layer, so it is necessary to make the phosphorus content in the titanium oxide layer in the
range of 40 nm from the surface of the titanium oxide layer 5.5 atomic% or less.
[0013] There are still unclear points regarding the effect of phosphorus in the transformation of the titanium oxide
layer, but by including the phosphorus in excess of 5.5 atomic%, it is believed that the titanium oxide layer easily dissolves
in a high temperature rainwater solution or low pH acid rain.
[0014] The phosphorus content in the range of 40 nm from the surface of the titanium oxide layer is defined since
what is involved in the dissolution of the titanium oxide layer is the surface layer such as the titanium oxide layer.
[0015] Furthermore, regarding the titanium carbides of the titanium surface layer, it is necessary to reduce the average
carbon concentration in the range of 100 nm from the titanium surface to 15 atomic% or less. If this carbon concentration
is in excess of 15 atomic%, the formation of titanium carbide is promoted and the resistance to discoloration decreases.
When the carbon concentration is less than 3 atomic%, the effect of improving the resistance to discoloration by reduction
of the carbon is saturated, so the lower limit of the carbon concentration is made to 3 atomic%. Regarding the lower
limit, it is preferable to make it 10 atomic% from the viewpoint of the production costs.
[0016] Further, the range of 100 nm from the titanium surface is set since for the titanium carbide to dissolve to form
a titanium oxide layer and for the interaction to cause discoloration, a thickness of at least half the wavelength of visible
light is required. By way of reference, when there is titanium carbide in the range less than 100 nm from the titanium
surface, for example, even if the titanium carbide in that region dissolves and forms titanium dioxide, no interaction is
caused.
[0017] Furthermore, the resistance to discoloration of colored titanium is greatly improved by making the average
sulfur content in the range of 30 nm from the surface of the titanium oxide layer formed on the titanium surface 0.2 to 5
atomic%. Sulfur, contrary to the case of phosphorus, is believed to raise the chemical stability of the titanium oxide layer
by being contained in a suitable quantity in the titanium oxide layer and to be remarkably effective in suppressing the
dissolution of the titanium oxide layer in high temperature rainwater or in low pH rainwater. To obtain this effect, 0.2
atomic% or more of sulfur is contained in the range of 30 nm from the surface of the titanium oxide layer. However, if
contained in excess of 5 atomic%, conversely the dissolution of the titanium oxide layer in the above environment is
easily promoted, so the upper limit of the sulfur content is made 5 atomic%. Here, the sulfur content in a range of 30 nm
is defined, in the same way as described above, because what is involved in the dissolution of the titanium oxide layer
is the uppermost surface layer of the titanium oxide layer.
[0018] Note that the effect of improvement of the resistance to discoloration of colored titanium is closely related to
the thickness of the titanium oxide on the titanium surface. To further improve the resistance to discoloration, it is desirable
that the thickness of the titanium oxide be in the range of 40 to 60 nm. This presumes that the thinner the thickness of
the titanium oxide layer, the better the chemical stability of the titanium oxide layer formed.
[0019] However, if the thickness of the titanium oxide layer is less than 40 nm, the film thickness is thin, so a sufficient
corrosion prevent effect cannot be obtained. Further, if the thickness of the titanium oxide layer exceeds 60 nm, the
effect of improvement of the corrosion prevention effect due to the increase of the film thickness becomes saturated, so
60 nm was made the upper limit.
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[0020] The average phosphorus concentration (atomic%) or average sulfur concentration (atomic%) at a predeter-
mined range from the surface of the titanium oxide layer formed on the titanium surface in this way, the thickness of the
titanium oxide layer, and the average carbon concentration (atomic%) of 100 nm from the titanium surface can be
measured using a surface analyzer such as an Auger electron spectroscope. That is, these can be found by performing
the analysis in the depth direction from the titanium surface while selecting appropriate analysis intervals.
[0021] To analyze the phosphorus content in the titanium oxide layer in the range of 40 nm from the surface of the
titanium oxide layer or analyze the sulfur content in the titanium oxide layer in the range of 30 nm from the surface of
the titanium oxide layer, it is desirable to obtain 10 or more measurement points in at least the depth direction, so it is
desirable to conduct the measurement at intervals of 3 nm or less. Note that the depth from the titanium oxide surface
is calculated by using an SiO2 film measured for thickness in advance by ellipsometer and converting from the sputtering
rate (nm/min) of SiO2 found under the same measurement conditions.
[0022] The thickness of the titanium oxide layer is determined, when performing the Auger analysis in the depth
direction from the surface of the titanium oxide layer, by finding the sputtering time at the position where the oxygen
concentration decreases by half in the measurement values of the oxygen concentration on the titanium oxide layer
surface, multiplying the sputtering rate found using the above SiO2 and the sputtering time, and calculating the oxide
film thickness. Here, the position where the oxygen concentration on the titanium surface decreases by half is set since
it is possible to perform the measurement by a high reproducibility without regard as to the vacuum degree in the analyzer.
[0023] In the anodic oxidation method, various coloring solutions have been used in the past, but most of them are
designed for improvement of the adhesion of the titanium oxide layer or the evenness or brightness of the color. None
has as its object the improvement of the resistance to discoloration and as its object the production of colored titanium
having the above surface composition and thickness of the titanium oxide layer. For example, to suppress the content
of phosphorus in the titanium oxide layer, it would seem preferable not to include compounds containing phosphorus in
the coloring solution, but from the viewpoint of the brightness or adhesion of the titanium oxide layer, addition of phosphoric
acid becomes unavoidable. Therefore, the content of phosphorus in the range of 40 nm from the surface of the titanium
oxide layer becomes important, so it is important to set a suitable concentration of phosphorus acid in the coloring
solution and quickly and sufficiently wash the surface after anodic oxidation so as to remove the phosphorus on the
surface of the titanium oxide layer. Alternatively, a method of removing the phosphorus by heating at a predetermined
heat treatment temperature after coloration is also effective.
[0024] Further, the carbon concentration at the titanium surface can be controlled by washing after cold rolling or
optimizing the vacuum annealing conditions (annealing temperature and the like).
[0025] Further, to include sulfur in the titanium oxide layer, a coloring solution set to a suitable concentration of sulfuric
acid in the coloring solution is used with the anodic oxidation method to form a titanium oxide layer containing some sulfur.
[0026] Furthermore, the thickness of the oxide layer on the titanium surface can be controlled by controlling the voltage
of the anodic oxidation or the treatment time. The above various conditions and the like are not specifically defined and
may be suitably set.
[0027] An exterior material, ease of working is sought, so usually JIS Type 1 industrial use titanium is used, but by
applying the titanium of the present invention, it is possible to give a high resistance to discoloration to the exterior material.
[0028] Further, as the titanium of the present invention, the invention can also be applied to the JIS Type 2 to Type 4
industrial use titanium used for cases where strength is required. Furthermore, as stated above, the content explained
for the titanium of the present invention can also be similarly applied to titanium alloy. Here, as the "titanium alloy", for
example, JIS Type 11 to Type 23 etc. including trace amounts of precious metal-based elements (palladium, platinum,
ruthenium, and the like) in order to improve corrosion resistance may be mentioned.
[0029] Note that in an titanium alloy with an alloy element concentration of over several mass% (high strength), at the
time of anodic oxidation, the alloy element is selectively dissolved or concentrated in the titanium oxide layer to greatly
reduce the coloring of the colored titanium or adhesion of the titanium oxide layers, so when applying the present invention
to the titanium alloy, it is important to examine the effects of the alloy element beforehand.

EXAMPLES

[0030] The inventors used 0.4 mm thick JIS Type 1 pure titanium cold rolled annealed sheets and formed titanium
oxide layers on the titanium surfaces by the anodic oxidation method in solutions of sulfuric acid and phosphoric acid
mixed together in concentrations changed in various ways so as to change the average phosphorus contents in the
ranges of 40 nm from the surfaces of the titanium oxide layers and the average sulfur contents in the ranges of 30 nm
from the surfaces of the titanium oxide layers. Further, they changed the voltage of the anodic oxidation so as to change
the thicknesses of the oxide layers on the titanium surfaces. Further, they adjusted the carbon concentration on the
titanium surface by changing the vacuum annealing temperature after cold rolling.
[0031] Table 1 shows the results of measurement of the average phosphorus concentration and the average sulfur
concentration in predetermined ranges from titanium oxide layer surface, the thickness of the titanium oxide layer, and
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the average carbon concentration in the range of a depth of 100 nm from the titanium surface using an Auger electron
spectroscope and the results of measurement of the color difference of the titanium before and after testing at the time
of running a 2 hour immersion test on samples of these in a sulfuric acid aqueous solution with a pH of 4 at 40°C
(simulating effect of acid rain) and evaluation of the resistance to discoloration.
[0032] The color difference before and after testing (∆E) was calculated by 

[0033] Here, L*1, a*1, and b*1 are the measured results of the color before discoloration testing, L*2, a*2, and b*2 are
the measured results of the color after discoloration testing, both based on the L*, a*, and b* color specification method
stipulated in the JIS Z8729 method.
[0034] Naturally, the smaller the value of the color difference, the more superior the resistance to discoloration, but
according to the present invention method, when the average phosphorus concentration in the range of 40 nm from the
surface of the titanium oxide layer is 5.5 atomic% or less and the average carbon concentration in the range of the depth
of 100 nm from the titanium surface is in the range of 3 to 15 atomic%, the resistance to discoloration was good.
[0035] Furthermore, it is understood that the average sulfur concentration in the range of 30 nm from the surface of
the titanium oxide layer being from 0.2 atomic% to 5 atomic% and the thickness of the titanium oxide layer being in the
range of 40 to 60 nm are particularly superior in resistance to discoloration.

INDUSTRIAL APPLICABILITY

[0036] The colored titanium of the present invention has remarkably superior corrosion resistance in an atmospheric
environment and is particularly effective for applications in an outdoor environment such as roofs or wall panels.

Claims

1. Colored pure titanium or titanium alloy having low susceptibility to discoloration in an atmospheric environment
wherein the titanium or titanium alloy has:

Table 1

Average 
phosphorus 

concentration in 
range of 40 nm 
from titanium 
oxide layer 

surface 
(atomic%)

Average carbon 
concentration by 
depth in range of 

100 nm from 
titanium surface 

(atomic%)

Average sulfur 
concentration in 
range of 30 nm 
from titanium 
oxide layer 

surface 
(atomic%)

Thickness of 
titanium oxide 

layer (nm)

Color difference 
(before and after 
discoloration test) 

∆E)

Inv. ex. 1 0.1 9.2 0.1 or less 82.3 3.5

Inv. ex. 2 0.5 11.5 0.1 or less 127.5 3.3

Inv. ex. 3 3.2 6.3 0.1 or less 86.5 3.7

Inv. ex. 4 0.1 or less 3.5 0.8 150.6 2.1

Inv. ex. 5 0.1 or less 12.4 3.6 338.0 2.2

Inv. ex. 6 0.7 7.2 1.2 607.2 2.4

Inv. ex. 7 0.1 or less 6.5 0.1 or less 42.6 1.2

Inv. ex. 8 0.1 or less 5.8 58.5 1.0

Comp. ex. 1 7.8 10.3 0.1 or less 243.6 7.8

Comp. ex. 2 0.1 or less 20.4 0.1 or less 56.4 8.9

*- the examples marked inventive samples 1-3, 7-8 are not examples of the invention.
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(i) an average phosphorus content in a range of 40 nm from a surface of a titanium oxide layer formed on the
titanium surface of 5.5 atomic% or less;
(ii) an average carbon concentration in a range of a depth of 100 nm from the titanium surface of 3 to 15 atomic%;
and
(iii) an average sulfur content in a range of 30 nm from the surface of the titanium oxide layer formed on the
titanium surface of 0.2 to 5 atomic%.

2. The colored pure titanium or titanium alloy having low susceptibility to discoloration in an atmospheric environment
as set forth in claim 1 wherein the thickness of the titanium oxide layer formed on the titanium surface is 40 to 60 nm.

Patentansprüche

1. Farbiges reines Titan oder farbige Titanlegierung mit geringer Anfälligkeit für Verfärbung in einer atmosphärischen
Umgebung, wobei das Titan oder die Titanlegierung:

(i) einen mittleren Phosphorgehalt in einem Bereich von 40 nm von einer Oberfläche einer auf der Titanoberfläche
gebildeten Titanoxidschicht von 5,5 Atom-% oder weniger;
(ii) eine mittlere Kohlenstoffkonzentration in einem Bereich einer Tiefe von 100 nm von der Titanoberfläche von
3 bis 15 Atom-%; und
(iii) einen mittleren Schwefelgehalt in einem Bereich von 30 nm von der Oberfläche der auf der Titanoberfläche
gebildeten Titanoxidschicht von 0,2 bis 5 Atom-% aufweist.

2. Das farbige reine Titan oder die farbige Titanlegierung mit geringer Anfälligkeit für Verfärbung in einer atmosphäri-
schen Umgebung gemäß Anspruch 1, wobei die Dicke der auf der Titanoberfläche gebildeten Titanoxidschicht 40
bis 60 nm beträgt.

Revendications

1. Titane pur ou alliage de titane coloré peu sensible à la décoloration dans un environnement atmosphérique, le titane
ou l’alliage titane possédant :

(i) une teneur en phosphore moyenne sur une plage de 40 nm mesurée à partir d’une surface d’une couche
d’oxyde de titane formée sur une surface de titane de 5,5 % atoniques ou moins ;
(ii) une concentration en carbone moyenne sur une plage d’une profondeur de 100 nm mesurée à partir de la
surface de titane de 3 à 15 % atomiques ; et
(iii) une teneur en souffre moyenne sur une plage de 30 nm mesurée à partir de la surface de la couche d’oxyde
de titane formée sur la surface de titane de 0,2 à 5 % atomiques.

2. Titane pur ou alliage de titane coloré peu sensible à la décoloration dans un environnement atmosphérique selon
la revendication 1, dans lequel l’épaisseur de la couche d’oxyde de titane formée sur la surface du titane est de 40
à 60 nm.
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