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(67)  Anodic oxide coatings and methods for forming
anodic oxide coatings on metal alloy substrates are dis-
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process is used to promote diffusion of one or more types
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away from the interface. The diffusion promoting process
can increase an adhesion strength of the anodic oxide
film to the metal alloy substrate and reduce an amount
of discoloration due to the enriched alloying elements. In
some embodiments, a post-anodizing age hardening
process is used to increase the strength of the metal alloy
substrate and to improve cosmetics of the anodic oxide
coatings.
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Description
FIELD
[0001] This disclosure relates generally to anodizing

systems and methods. In particular, systems and meth-
ods for improving the cosmetics and enhancing physical
characteristics of anodic oxide films formed on metal al-
loy substrates are described.

BACKGROUND

[0002] Anodizing is a method of providing an anodic
oxide layer or coating on a metal substrate, often used
in industry to provide a protective and sometimes cos-
metically appealing coating to metal parts. During an an-
odizing process, a portion of the metal substrate is con-
verted to a metal oxide, thereby forming the anodic oxide
layer or anodic oxide coating. The nature of the anodic
oxide coatings can depend on a number of factors, in-
cluding chemical makeup of the metal substrates and the
process parameters used in the anodizing processes. In
some applications, an anodic oxide coating is colored by
infusing one or more dyes within pores of the anodic oxide
coating, giving the metal part an attractive colored finish.
[0003] Unfortunately, in some cases where certain
metal alloy substrates are used, the anodic oxide coating
can peel, chip or otherwise delaminate from their metal
substrates when exposed to scratching or scraping forc-
es during normal use of the part, or even during certain
manufacturing operations such as drilling or machining
which might be performed after anodizing. This delami-
nation can cause the underlying metal substrate to be
exposed at chipped or peeled regions of the anodic oxide
coating, leaving visible chip marks and rendering the met-
al substrate more susceptible to corrosion. This delami-
nation can be at least partially attributed to alloying ele-
ments within the metal substrate that become enriched
ataninterface between the metal substrate and the anod-
ic oxide coating.

[0004] In addition to making the anodic oxide coating
more susceptible to delamination, the interfacial enrich-
ment of alloying elements can contribute to the discolor-
ation of the anodic oxide coating, which can detract from
the aesthetic appeal of the part. In addition, anodizing
metal alloy substrates that are hard tempered can result
in the formation of very small groove defects that are
detrimental to the function and cosmetics of the anodic
oxide coating.

SUMMARY

[0005] This paperdescribes various embodiments that
relate to anodizing processes and anodic oxide films us-
ing the same. The methods described are used to form
an anodic oxide film on a metal alloy substrate such that
the anodic oxide film is resistant to delamination and free
from cosmetic defects related to alloying elements from
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the metal alloy substrate.

[0006] According to one embodiment, a method of
treating a part including a metal alloy substrate is de-
scribed. The method involves forming an anodic oxide
film on the metal alloy substrate by anodizing the metal
alloy substrate. Certain alloying elements from the metal
alloy substrate are enriched at an interface between the
metal alloy substrate and the anodic oxide film. The al-
loying elements enriched at the interface are associated
with a reduced adhesion strength between the anodic
oxide film and the metal alloy substrate. The method also
involves diffusing at least some of the alloying elements
enriched at the interface away from the interface toward
one or both of the metal alloy substrate and the anodic
oxide film such that the adhesion strength between the
anodic oxide film and the metal alloy substrate is sub-
stantially increased.

[0007] According to another embodiment, a method of
treating a part comprising a metal alloy substrate is de-
scribed. The method involves converting a portion of the
metal alloy substrate to an anodic oxide film. Certain al-
loying elements from the metal alloy substrate become
enriched within an enrichment layer at an interface be-
tween the metal alloy substrate and the anodic oxide film.
The alloying elements enriched within enrichment layer
are associated with an amount of discoloration of the
part. The method also involves removing at leasta portion
of the alloying element from the enrichment layer such
that the amount of discoloration is reduced to a prede-
termined amount of discoloration.

[0008] According to a further embodiment, a method
of treating a part that includes a metal alloy substrate is
described. The method involves converting a portion of
the metal alloy substrate to an anodic oxide film having
anodic pores. Alloying elements from the metal alloy sub-
strate are enriched at an interface between the metal
alloy substrate and the anodic oxide film. The method
also involves heating at least a portion of the part such
that at least some of the alloying elements enriched at
the interface are diffused away from the interface. The
method further involves, after heating at least a portion
of the part, exposing the part to a sealing process such
that at least some of the anodic pores are sealed.
[0009] Accordingtoanadditional embodiment, a meth-
od of treating a metal alloy substrate is described. The
metal alloy substrate includes alloying elements within a
metal matrix. The method includes anodizing the metal
alloy substrate while in an age-hardenable state. A peak
strength of the metal alloy substrate is accessible via a
subsequent age hardening process. The method also
includes, after anodizing, age hardening the metal alloy
substrate by causing the alloying elements to form pre-
cipitate particles within the metal alloy substrate increas-
ing the strength of the metal alloy substrate.

[0010] According to a further embodiment, a method
of treating a metal alloy substrate is described. The metal
alloy substrate includes alloying elements within a metal
matrix. The method includes anodizing the metal alloy
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substrate while in an over-aged state. The alloying ele-
ments are aggregated in the form of precipitate particles
that are substantially uniformly distributed within the met-
al matrix while in the over-aged state.

[0011] According to another embodiment, a method of
treating an aluminum alloy substrate is described. The
aluminum alloy substrate includes alloying elements
within an aluminum matrix. The method includes placing
the aluminum alloy substrate in an age-hardenable state
by causing the alloying elements to become substantially
uniformly distributed within the aluminum matrix. The
method also includes converting a portion of the alumi-
num alloy substrate while in the age-hardenable state
into an aluminum oxide film. The method further includes,
after the converting, age-hardening the aluminum alloy
substrate by causing the alloying elements to form pre-
cipitate particles within the aluminum alloy substrate such
that the precipitate particles increase a strength of the
aluminum alloy substrate.

[0012] These andotherembodiments will be described
in detail below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The disclosure will be readily understood by the
following detailed description in conjunction with the ac-
companying drawings, wherein like reference numerals
designate like structural elements.

FIG. 1 shows perspective views of devices having
metallic surfaces that can be protected using anodic
oxide coatings, in accordance with some embodi-
ments.

FIG. 2A shows a section view of a surface portion of
a part that includes alloying elements enriched at an
interface between an anodic oxide film and a sub-
strate of the part.

FIGS. 2B-2D shows section views of the partin FIG.
2A after a series of diffusion promoting process that
reduce an amount of alloying elements at the inter-
face, in accordance with some embodiments.

FIG. 3 shows a schematic view of an oven system
for performing a diffusion promoting process on a
part, in accordance with some embodiments.

FIG. 4 shows a schematic view of a system config-
ured to apply localized energy to a surface of a part
as part of a diffusion promoting process, in accord-
ance with some embodiments.

FIG. 5 shows a schematic view of liquid heating sys-
tem for performing a diffusion promoting process on
a part, in accordance with some embodiments.
FIG. 6 shows a flowchart indicating a high level proc-
ess for diffusing promoting process, in accordance
with some embodiments.

FIGS. 7 and 8 show flowcharts indicating manufac-
turing processes that include diffusion promoting
processes, in accordance with some embodiments.
FIGS. 9A-9B show section views of a surface portion
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of a part that includes a high strength metal alloy
substrate undergoing a conventional anodizing proc-
ess.

FIGS. 10A-10C show section views of surface por-
tion of a part being formed using a post-anodizing
aging process, in accordance with some embodi-
ments.

FIG. 11 shows a flowchart indicating a high level
process for performing a post-anodizing aging proc-
ess, in accordance with some embodiments.

FIG. 12 shows a flowchart indicating manufacturing
processes that include a post-anodizing aging proc-
ess, in accordance with some embodiments.

DETAILED DESCRIPTION

[0014] Reference will now be made in detail to repre-
sentative embodiments illustrated in the accompanying
drawings. It should be understood that the following de-
scriptions are not intended to limit the embodiments to
one preferred embodiment. To the contrary, they are in-
tended to cover alternatives, modifications, and equiva-
lents as can be included within the spirit and scope of
the described embodiments.

[0015] Described herein are processes for providing
cosmetically appealing and durable anodic oxide films
on metal alloy substrates. Conventional anodizing meth-
ods when applied to some metal alloys can result in an
anodic oxide film that has cosmetic defects or that is pre-
disposed to delamination. Methods described herein in-
volve post-anodizing treatments that can be used to elim-
inate or reduce these cosmetic defects and to provide a
well-adhered anodic oxide film.

[0016] In some embodiments, the methods involve a
post-anodizing diffusion promoting process, which are
described in detail below with reference to FIGS. 1-8.
Alloying elements within metal alloy substrates, such as
zinc, copper, manganese, iron and lead, have been
shown to accumulate at an interface between the a metal
alloy substrate and an anodic oxide film during the ano-
dizing process. These alloying elements enriched at the
interface may be associated with a prevalence of dela-
mination and/or discoloration of the anodic oxide film as
well as a susceptibility of the metal alloy substrates to
corrosion. Methods described herein involve implement-
ing a post-anodizing diffusion promoting process that
causes the alloying elements to diffuse away from the
interface into the metal alloy substrate and/or into the
anodic oxide film. Theresulting anodized metal alloy sub-
strates are more resistant to anodic oxide film delamina-
tion and less affected by discoloration compared to un-
treated anodized metal alloy substrates.

[0017] The diffusion promoting processes can involve
directly heating the part. The heat can relieve residual
stress at the interface and homogenize or diffuse the al-
loying elements away from the interface. It should be
noted that heating of an anodized part is conventionally
frowned upon since doing so under some conditions can
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cause the protective anodic oxide film to crack or craze,
or can be detrimental to the mechanical performance of
heat sensitive alloy tempers. However, since the inter-
face in which the alloying elements are enriched is very
small - on the order of nanometers, the amount of thermal
energy required to cause sufficient diffusion can be rel-
atively small. Thus, the applied temperatures can be rel-
atively low - low enough to reduce the risk of cracking of
the anodic oxide film and to avoid any microstructural
change in the alloy.

[0018] Insome cases, thermal energyisappliedlocally
to surface portions of the anodized part, such as by way
of lamps or lasers, while leaving remainder portions of
the anodized part cool, or cooling the remainder portions
of the anodized part. This can minimize heat treatment
of the metal (avoiding over-aging heat sensitive parts, or
any part distortion due to stress relief), and can reduce
the occurrence of cracking or crazing of the anodic oxide
film. This can also reduce the effects of coefficient of
thermal expansion (CTE) differences between the sub-
strate and the anodic oxide film, reducing stresses gen-
erated. In some embodiments, the thermal energy is ap-
plied during a hydrothermal sealing process where the
partis heated in an aqueous solution or steam such that
the diffusion of alloying elements away from the interface
occurs in the same operation as sealing the anodic oxide
film.

[0019] In some embodiments, the methods involve
post-anodizing aging processes, which are described in
detail below with reference to FIGS. 9A-12. Conventional
anodizing of metal alloy substrates involves anodizing a
metal alloy substrate while in a final age hardened state.
In an age hardened state, alloying elements and precip-
itate particles are situated within the crystal lattice of sub-
strate such that they impede movement of dislocations
of the crystal lattice of substrate, thereby strengthening
the metal alloy substrate. However, alloying elements
and/or precipitate particles tend to aggregate along grain
boundaries, which can act as corrosion sites when ano-
dized. This can result in an anodic oxide film having de-
fects in the form of fine grooves along these grain bound-
aries. Methods described herein involve anodizing the
metal alloy substrate while in an age-hardenable state,
following by implementing a post-anodizing aging proc-
ess. The resulting anodized metal alloy substrates have
high strength and have an anodic oxide film that is sub-
stantially free of grain boundary groove defects.

[0020] Insome embodiments, aspects of post-anodiz-
ing diffusion promoting processes are combined with as-
pects of the post-anodizing aging processes. For exam-
ple, in some cases a post-anodizing diffusion promoting
process is extended to include and aging process. The
processing parameters can be tuned to achieve an anod-
ic oxide film having a predetermined cosmetic quality and
an underlying metal alloy substrate having a predeter-
mined strength. Details of these embodiments are de-
scribed below.

[0021] Thepresentpaperis illustrated with specific ref-
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erence to certain aluminum alloy substrates, such as cer-
tain aluminum-zinc alloy substrates. It should be under-
stood, however, that the methods described herein can
be applicable to the treatment of any of a number of other
suitable metal alloys, including aluminum alloy sub-
strates that contain non-zinc alloying elements. In addi-
tion, other metal alloy substrates where the metal matrix
comprises metals other than aluminum, such as magne-
sium, titanium or other anodizable alloy materials can
also be used. In some embodiments, the metal matrix
includes more than one type of anodizable alloy material.
As used herein, the terms anodic oxide film, anodic oxide
layer, and anodic oxide coating, oxide film, oxide layer,
oxide coating can be used interchangeably and can refer
to any suitable metal oxide material formed using an an-
odizing process, unless otherwise specified.

[0022] Methods described herein are well suited for
providing cosmetically appealing surface finishes to con-
sumer products. For example, the methods described
herein can be used to form durable and cosmetically ap-
pealing finishes for housing or enclosures for computers,
portable electronic devices and electronic device acces-
sories, such as those manufactured by Apple Inc., based
in Cupertino, California.

[0023] These and other embodiments are discussed
below with reference to FIGS. 1-12. However, those
skilled in the art will readily appreciate that the detailed
description given herein with respect to these Figures is
for explanatory purposes only and should not be con-
strued as limiting.

[0024] The methods described herein can be used to
form durable and cosmetically appealing coatings for me-
tallic surfaces of consumer devices. FIG. 1 shows con-
sumer products than can be manufactured using meth-
ods described herein. FIG. 1 includes portable phone
102, tablet computer 104 and portable computer 106,
which can each include metal surfaces. Devices 102, 104
and 106 can be subject to impact forces such as scratch-
ing, dropping, abrading, chipping and gouging forces dur-
ing normal use. Typically the metal surfaces are anodized
in order to add a protective anodic oxide coating to these
metal surfaces. However, it has been found that the ad-
hesion strength of the anodic oxide coatings can depend,
at least in part, on the type of metal used for the metal
surfaces. For example, some stronger aluminum alloys,
although they can provide good structural integrity to de-
vices 102, 104 and 106, can also form anodic oxide coat-
ings that are more prone to chipping, scratching and oth-
erwise marling caused by impact forces. In particular, the
anodic oxide coatings can have a tendency to chip, spall,
blister or delaminate under surface impact, revealing
bright spots of the bare substrate alloy that can detract
from the cosmetic appearance of devices 102, 104 and
106. Metal surfaces atedges and corners of devices 102,
104 and 106 can be especially vulnerable to this chipping
and delamination. In addition, the anodic oxide films of
some metal alloys can be discolored, which can detract
from cosmetic appeal of devices 102, 104 and 106.
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[0025] During the anodizing of metal alloy substrates,
such as those forming metal surface of devices 102, 104
and 106, any of a number of alloying elements can have
atendency to become enriched in a thin enrichment layer
at the interface of the advancing anodic oxide film and
underlying substrate. To illustrate, FIG. 2A shows a sec-
tion view of a surface portion of part 200, which includes
substrate 202 with anodic oxide film 204 formed thereon.
Anodic oxide film 204 is formed using an anodizing proc-
ess where a portion of substrate 202 is converted to a
corresponding metal oxide material. Substrate 202 is
made of a metal alloy material thatincludes a metal matrix
206 (e.g., aluminum) with alloying elements 208 dis-
persed therein.

[0026] Alloying elements 208 can advantageously af-
fect the physical properties of substrate 202. For exam-
ple, alloying elements 208 can induce greater strength
and hardness, toughness, ductility or other desired prop-
erties to substrate 202. These qualities are generally de-
sirable in many applications and are why metal alloys are
used over non-alloy metals. The nature and amount of
alloying elements 208 within substrate 202 can vary de-
pending on the metal alloy type. For example, many alu-
minum alloys, such as some 7000 series types of alumi-
num alloys, include some amounts of zinc, magnesium,
and sometimes copper alloying elements 208. Other typ-
ical alloying elements 208 in aluminum alloys caninclude
iron, manganese, silicon, chromium, and titanium. Often,
metal alloys include more than one type of alloying ele-
ment 208.

[0027] Although alloying elements provide beneficial
qualities to substrate 202 and part 200, anodizing can
affect the distribution of alloying elements 208. In partic-
ular, during anodizing a portion of alloying elements 208
can become concentrated or enriched within enrichment
layer 214 of substrate 202 at interface 210 between anod-
ic oxide film 204 and substrate 202. Enrichment layer
214 can be identified as a region of high concentration
of alloying elements 208 surrounding or adjacent to in-
terface 210. In some cases, certain types of alloying el-
ements are preferentially enriched at enrichment layer
214. For example, copper and zinc types of alloying el-
ements 208 of some aluminum alloys tend to get enriched
atenrichment layer 214. A major factor in this enrichment
is the relative magnitude of the Gibbs free energy for
oxidation of alloying elements 208. Aluminum has a more
negative Gibbs free energy for oxidation than either zinc
or copper. The aluminum will therefore be oxidized pref-
erentially during the initial stages of anodizing, resulting
in enrichment of the zinc and/or copper alloying elements
208 until an equilibrium is reached and alloying elements
208 are oxidized at the same rate as the aluminum of
aluminum matrix 206.

[0028] The thickness 216 of enrichment layer 214 is
typically on the order of nanometer scale. In some alu-
minum alloys containing zinc and copper alloying ele-
ments 208, thickness 216 of enrichment layer 214 typi-
cally ranges between about 1-2 nanometers, which is
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scarcely resolvable even by transmission electron micro-
scopy (TEM), and in some cases is not readily quantified.
The thickness 216 of enrichment layer 214 may be ver-
ified by such techniques as electron energy loss spec-
troscopy, and XPS of delaminated interfaces. In some
aluminum alloy substrates 202, copper alloying elements
208 can be enriched within enrichment layer 214 by about
40 weight percent, even in aluminum alloys with as little
as 0.2 weight percent of copper in bulk (as alloying ele-
ment in aluminum alloy). Similarly, zinc alloying elements
208 can become enriched within enrichment layer 214
by about 3 weight percent. Note that many other alloying
elements 208 can become enriched due to preferential
oxidation of an aluminum matrix 206 and are not just
limited to copper and zinc. These can include iron, tita-
nium, chromium, molybdenum, gold and silver.

[0029] As described above, it has been found that
anodic oxide films formed on certain metal alloy sub-
strates are prone to delamination and discoloration be-
cause of the presence of alloying elements 208 at inter-
face 210. For example, during anodizing of certain zinc-
containing aluminum alloy substrates, notably some
types of 7000 series aluminum alloys, significant zinc en-
richment occurs at enrichment layer 214. After anodizing
in sulfuric acid-based electrolytes, this zinc-rich interface
is especially weak, and subject to delamination when ex-
posed to mechanical stress. This is believed due to zinc
enriched at or near interface 210 combining with sulfur-
containing species from the sulfuric acid-based anodiz-
ing electrolytic bath to form delaminating compounds at
interface 210. In some cases, it is possible that the zinc
can combine with phosphorus-containing species of
phosphoric acid anodizing electrolytes to from other
types of delamination compounds. These delaminating
compounds weaken the bonding between anodic oxide
film 204 and substrate 202 and make anodic oxide film
204 prone to delamination. Other alloying element 208
other than zinc may also detrimentally affect the cohesion
of anodic oxide film 204 to substrate 202.

[0030] Ifpart200 suffers from poor interfacial adhesion
of anodic oxide film 204 to substrate 202, this condition
can lead to a number of problems. For example, anodic
oxide film 204 can have a tendency to spall, chip or oth-
erwise delaminate from substrate 202, especially when
part 200 is subjected to impacts. This can be detrimental
to the appearance of anodized part 200. In addition, the
chipped or delaminated areas can expose portions of
substrate 202 to water and air in the environment, which
can subject these exposed portions to corrosion. The
amount of corrosion will depend on the type of alloy that
substrate 208 is made of, the amount of delamination
and exposure of substrate 202, and the extent of expo-
sure to air and water.

[0031] Corrosion may also be a problem in certain
manufacturing processes wherever mechanical opera-
tions such as drilling or machining are performed after
anodizing, exposing an edge of the oxide/metal interface.
In such cases, weak interfacial adhesion, combined with
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the exposure of both the substrate and the enrichment
layer (which constitute a pair of dissimilar metals and
suffer consequent galvanic interactions) - especially in
the presence of cutting fluids and other metals used in
tooling - canresultin severely accelerated local corrosion
and delamination. The present paper describes methods
for overcoming this localized corrosion by minimizing or
eliminating the interfacial enrichment layer and the cor-
responding galvanic pair.

[0032] Discoloration can be particularly problematic in
aluminum alloy substrates that include copper alloying
element 208, where as little as one weight percent of
copper in the aluminum alloy can result in a distinctly
yellow appearance in anodized part 200 following typical
Type Il sulfuric acid anodizing processes. Type Il sulfuric
anodizing conventionally refers to an anodizing treat-
ment used to provide relatively colorless anodic oxide
films and that is generally performed in a sulfuric acid
based electrolyte. Thus, in cases where anodic oxide film
204 is formed using a Type Il sulfuric anodizing process
and is substantially clear and transparent (when non-
dyed), interface 210 will be clearly observed through
anodic oxide film 204. On substrates that are made of
substantially pure aluminum (i.e., does not contain suffi-
cient amounts of alloying elements 208 to cause discol-
oration) the appearance of the substantially pure alumi-
num substrate 208 is retained. However, if interface 210
has a yellow appearance due to the presence of copper
alloying elements 208 at interface 210, part 200 will also
have a yellow hue as viewed from surface 212. This yel-
low hue may be undesirable in certain applications.
[0033] Discolorationcanoccur when alloying elements
208 other than copper are present. However, it has been
found that wherever copper is present in an aluminum
alloy, even in very low concentrations, enrichment of the
copper alloying elements 208 at interface 210 can result
in a yellow discoloration. Similar types of discoloration
occurin aluminum alloy substrate with iron or manganese
alloying elements 208. For example, iron and manga-
nese can lead to discolorations having yellow or brown
hue. Zinc alloying elements 208 can impart a blue hue.
In general, the amount of discoloration is directly related
to an amount of certain alloying elements 208 within en-
richment layer 214. The amount of discoloration that is
deemed acceptable will depend on a number of factors
including the type of alloying elements 208 that are
present within enrichment layer 214 and an amount of
acceptable discoloration based on application require-
ments. For example, according to some application re-
quirements it may be acceptable, or even preferential, to
have a blue hue but less acceptable to have a yellow
hue, or vice versa.

[0034] In some cases, the enrichment of alloying ele-
ments 208, such as zinc or copper, within enrichment
layer 214 can be an unavoidable consequence of anodic
oxide growth using Type Il anodizing processes that is
not overcome by chemical pretreatments. Even if the sur-
face of the aluminum substrate 202 shows no alloying
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element enrichment at the point of entry into the anodic
oxidation process, preferential growth of aluminum (or
magnesium oxides), leads to the immediate enrichment
of other less readily oxidized metals (e.g., copper and
zinc), and high levels of alloying element 208 interfacial
enrichment will result within minutes.

[0035] To address these issues, the methods de-
scribed herein involve treatments whereby alloying ele-
ments are driven away from interface 210. In particular,
methods involve reducing the amount of alloying ele-
ments 208 within enrichment layer 214 at the interface
210. This can involve a diffusion promoting process
whereby thermal energy is applied to part 200 such that
alloying elements 208 are diffused away from enrichment
layer 214 and interface 210. In accordance with Fick’s
law, the diffusive flux goes from regions of high concen-
tration (enrichment layer 214) to regions of low concen-
tration (surrounding anodic oxide film 204 and/or sub-
strate 202) across a concentration gradient. The diffusive
action can be driven by the addition of thermal energy
by either directly heating part 200, or portions of part 200,
or by exposing part 200 to light that is transformed to
thermal energy within part 200. Detailed descriptions of
different types of systems suitable for performing diffu-
sion promoting processes are described below with re-
spect to FIGS. 3-5.

[0036] FIGS. 2B-2D show part 200 after different
amounts of exposure to one or more diffusion promoting
processes. FIG. 2B shows part 200 after exposure to a
diffusion promoting process for a first time period. As
shown, the amount or concentration of alloying elements
208 within enrichment layer 214 and at interface 210 is
reduced. This is due to the movement and redistribution
of alloying elements 208 from enrichment layer 214 into
surrounding areas of anodic oxide film 204 and/or sub-
strate 202 that have lower concentrations of alloying el-
ements 208. In a particular embodiment wherein sub-
strate 202 is a zinc-containing aluminum alloy substrate
202 and part is exposed to temperatures of about 100
degrees C for about 15 minutes, the diffusion distance
away from enrichment layer 214 is calculated to be about
0.77 nm. Note that FIG. 2B (as well as FIGS. 2C and 2D
described below) shows most or all of alloying elements
208 diffusing within substrate 202. It should be under-
stood, however, that diffusion may also occur within
anodic oxide film 204, or within both anodic oxide film
204 and substrate 202.

[0037] Since the concentration of alloying elements
208 within enrichment layer 214 is reduced, one or more
of the associated negative effects is also reduced. For
example, the adhesion strength between anodic oxide
film 204 and substrate 202 is increased proportionally to
the reduced concentration of alloying elements 208 with-
in enrichment layer 214. This directly reduces the likeli-
hood of chipping and otherwise delamination of anodic
oxide film 204 from substrate 202. In addition, any dis-
coloration caused by the presence of alloying elements
208 at interface 210 as viewed from surface 212 is pro-
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portionally decreased. Thus, if substrate 202 is an alu-
minum alloy containing copper alloying element 208, the
concentration of copper alloying element 208 atinterface
region 210 can be reduced enough such that part 200
does not appear yellow or has an acceptable amount of
yellow appearance. In some embodiments, substantially
all the discoloration is removed such that anodic oxide
film 204 is substantially transparent and allows an un-
tinted view of the color of substrate 202.

[0038] In other embodiments, the amount of discolor-
ation is reduced to a predetermined amount that is
deemed acceptable. This can be determined by meas-
uring the color of part 212 as viewed from surface 212
after the diffusion promoting process is performed using
a colorimeter or other suitable technique. In a particular
embodiments, the measurement includes a one or more
values in L*a*b* color space (or CIELAB). L*a*b* color
spaceis amodel usedto plot colors of an object according
to color opponents L* corresponding to an amount of
lightness or brightness, a* corresponding to amounts of
green and magenta, and b* corresponding to amounts
of blue and yellow. Negative «* values indicate a green
color while positive ¢* values indicate a magenta color.
Negative b* values indicate a blue color and positive b*
values indicate a yellow color. Thus, part 200 can be
evaluated for L*a*b* values corresponding to blue, yel-
low, green and/or magenta after the diffusion promoting
process to determine whether the part has achieved a
predetermined L* «* and/or b* value(s). For example,
the acceptable amount of discoloration can correspond
to an acceptable amount of yellow, blue, green or ma-
genta color. In a particular embodiment where substrate
202 is an aluminum alloy having copper alloying ele-
ments 208, a b*value to determine an acceptable amount
of yellow is measured.

[0039] In some cases, further diffusion away from in-
terface 210 is desired. FIG. 2C shows part 200 after ex-
posure to the diffusion promoting process for an addi-
tional second time period. As shown, the amount or con-
centration of alloying elements 208 within enrichment lay-
er 214 and at interface 210 is further reduced due to
further diffusion of alloying elements 208. In a particular
embodiment wherein substrate 202 is a zinc-containing
aluminum alloy substrate 202 and partis exposed to tem-
peratures of about 100 degrees C for a total of about 60
minutes, the diffusion distance away from enrichment
layer 214 is calculated to be about 1.5 nm. The bond
strength between anodic oxide film 204 and substrate
202 is proportionally increased and any discoloration
caused by the presence of alloying elements 208 near
or atinterface 210 as viewed from surface 212 is propor-
tionally decreased.

[0040] If it is determined that the amount of alloying
elements at interface 210 is still too high, part 200 can
be further exposed. FIG. 2D shows part 200 after expo-
sure to the diffusion promoting process for an additional
third time period. As shown, the amount or concentration
of alloying elements 208 within enrichment layer 214 and
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atinterface 210 is further reduced. In a particular embod-
iment wherein substrate 202 is a zinc-containing alumi-
num alloy substrate 202 and part is exposed to temper-
atures of about 100 degrees C for a total of about 120
minutes, the diffusion distance away from enrichment
layer 214 is calculated to be about 2.2 nm. The bond
strength between anodic oxide film 204 and substrate
202 is proportionally increased and any discoloration
caused by the presence of alloying elements 208 near
or atinterface 210 as viewed from surface 212 is propor-
tionally decreased.

[0041] Alloying elements 208 can be further diffused
away from interface 210 by exposing part 200 the diffu-
sion promoting process for even additional time periods
or to a different type of diffusion promoting process. In
this way, the amount of diffusion can be chosen to ac-
complish a predetermined desired bond strength and/or
color for part 200. The extent to which alloying elements
208 are diffused will depend on the diffusion technique
(e.g., direct heating or exposure to light), the intensity of
the heat and/or light exposure, the time period of expo-
sure, the amount and type of alloying elements 208, as
well as the metal alloy material of substrate 202. In gen-
eral, the higher the thermal energy that is applied, the
faster diffusion will occur. For example, heating substrate
202 at 150 degrees C compared to 100 degrees C will
result in alloying elements 208 diffusing within bulk por-
tion 218 at a faster rate. In a particular embodiment
wherein substrate 202 is a zinc-containing aluminum al-
loy substrate 202 and part is exposed to temperatures
of about 150 degrees C for a total of about 15 minutes,
the diffusion distance away from enrichment layer 214 is
calculated to be about 7.12 nm, and continuing to heat
substrate 202 at 150 degrees C for a total of 60 minutes
is calculated to diffuse zinc alloying elements 208 a dis-
tance of about 14.24 nm.

[0042] As described above, the manner in which the
diffusion promoting process is carried out can vary. In
some embodiments, the diffusion promoting process in-
volves one or more direct heat treatments. In some cas-
es, the diffusion promoting process involves one or more
irradiation operations. In some embodiments, a combi-
nation of heat treatment(s) and irradiation operation(s)
are used. Choosing an appropriate diffusion promoting
process will depend on the nature of substrate 202 and
anodic oxide film 204 and on application requirements.
For example, it may be important to minimize over-aging
of an alloy, or to ensure that anodic oxide film 204 does
not crack or craze during the diffusion promoting process.
The cracking or crazing can be partially due to the differ-
ent thermal expansion coefficients of substrate 202 and
anodic oxide film 204. That is, exposure to high temper-
atures can cause substrate 202 to expand more than
anodic oxide film 204, causing stress within anodic oxide
film 204 and possibly causing anodic oxide film 204 to
crack. Therefore, in some embodiments, the thermal
methods should generally be relatively mild. FIGS. 3-5
show different systems that can be used to apply thermal
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energy to a part forinducing diffusion of alloying elements
in accordance with described embodiments.

[0043] FIG. 3 shows a schematic view of an oven sys-
tem 300 for applying thermal energy to part 302, in ac-
cordance with some embodiments. System 300 includes
chamber 304 suitable foraccommodating part 302 there-
in. At least a portion of part 302 includes a metal alloy
substrate with an anodic oxide film formed on a surface
of the metal alloy substrate. System 300 is arranged to
provide sufficient thermal energy to part 302 to diffuse
away enriched alloying elements from an interface be-
tween the metal alloy substrate and the anodic oxide film.
In some embodiments, support 306 supports and posi-
tions part 302 within chamber 304. Oven system 300
includes one or more heat sources that supply heat within
chamber 304 such that part 302 can be heated when
positioned therein. Controller 308 can be electrically cou-
pled with a temperature sensor, such as a thermocouple,
to control a temperature within chamber. In some cases,
atemperature sensoris used to directly monitor a surface
temperature of part 302.

[0044] Insome embodiments, it is preferable that con-
ditions within chamber 304 are substantially dry in order
to prevent sealing of the anodic oxide film of part 302.
Sealing of anodic oxide films can occur in the presence
of water at temperatures above about 60 degrees C. In
some embodiments, chamber 304 includes an air envi-
ronment. Note that if moisture-free conditions are pre-
ferred, it may be important to dry part 302 prior to applying
the heat treatment otherwise the residual moisture on
surfaces of part 302 can also cause the anodic oxide film
to seal. The drying of part 302 prior to the heat treatment
can include an air dry procedure whereby surfaces of
part 302 are allowed to dry at room temperature. In gen-
eral, however, it is acceptable to dry parts at higher tem-
peratures under forced air circulation as there is insuffi-
cient moisture retained on the surface or within pores to
cause significant sealing.

[0045] Asdescribed above, it maybeimportantto keep
the temperatures within chamber 304 and of part 302
below a temperature but high enough to cause efficient
thermal diffusion. Because the thickness of an enrich-
ment layer at the interface is generally only about 1 to 2
nanometers, the heat treatment need only promote dif-
fusion of the alloying elements on a scale of a few na-
nometers. However, the temperature should be high
enough to promote diffusion within a time period consist-
ent with a manufacturing process. For example, it may
be possible to heat part 302 to a temperature that causes
adequate diffusion over a period of days, which may not
be suitable for a manufacturing process.

[0046] The range of suitable temperatures can vary
depending on the material of part 302. In some embod-
iments using an aluminum alloy substrate with a standard
Type Il anodic oxide film, optimal results are obtained
using temperatures of about 150 degrees C or more. In
particular embodiments, heat treatment at about 150 de-
grees C for about 1 hour is sufficient to redistribute zinc
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alloying element to the extent that the standard Type Il
anodic oxide films show a measurable and significant
benefit with regard to the adhesion of the anodic oxide
film. In a particular embodiment, part 302 is heated to a
temperature of about 150 degree C for about 15 minutes.
In some embodiments, a temperature ranging from about
200 degrees C and 300 degrees C is used. Note that
temperatures ranging between about 100 degrees C and
about 150 degrees C can be used; however, these lower
temperatures would require longer exposure times to
provide adequate diffusion. In some cases, part 302 is
placed into chamber 304 while chamber 304 is at a lower
temperature and then the temperature is ramped up to
a predetermined temperature. In other embodiments,
part 302is placed into chamber 304 after the temperature
within chamber 304 is at the predetermined temperature.
[0047] Although diffusion of the alloying elements
away from the interface can both increase adhesion
strength and mitigate discoloration, in some cases the
heat treatments may be designed to focus on mitigating
the discoloration rather than focusing on improving ad-
hesion. In these cases, appropriate temperatures can
depend on the type of alloying elements. For example,
enriched zinc in zinc-containing alloys can impart a blue
hue to the anodic oxide film. The heat treatments de-
scribed herein can reduce the blue hue, thereby allowing
a clearer view of the bright silver color of the underlying
aluminum. Other alloying elements such as copper, man-
ganese and iron can also lead to discolorations of ano-
dized aluminum surfaces, in particular, a yellow or brown
hue. Copper and manganese have lower diffusivities
within an aluminum matrix of the aluminum alloy sub-
strate compared to zinc, and therefore generally require
higher temperatures and longer times for diffusion away
from the interface. Thus, in these cases temperatures
well above 150 degrees C are preferable in order to pro-
vide efficient diffusion.

[0048] In some embodiments, the temperature is for-
cibly cooled from an opposing surface of part 302 so as
to establish a steep thermal gradient thus minimizing the
differential thermal expansion and resulting strain, or to
maintain the bulk of the sample at a lower temperature
to minimize any detrimental effects of heat treatment on
the alloy. Forcible cooling can be accomplished by plac-
ing part 302 on a cool surface or by blowing cool air on
part 302. In some embodiments, it is preferable to focus
on providing thermal energy to surface portions of the
part since the interface is directly beneath the anodic
oxide film of the part. FIG. 4 shows a schematic view of
a system 400 for applying localized thermal energy to a
surface 410 part 402, in accordance with some embod-
iments. System 400 includes energy source 406, which
can include one or more elements that are configured to
directenergy localized to surface 410 of part402. Insome
embodiments, energy source 406 includes one or more
light-producing elements configured to shine light onto
surface 410. In some embodiments, part 402 is support-
ed by and/or positioned with respect to energy source



15 EP 3 042 983 A1 16

406 using support 404. Controller 408 can be used to
turn energy source 406 on and off and, in some cases,
control the intensity of light produced by energy source
406. In some embodiments, the temperature of part 402
is monitored during a thermal diffusion process using a
temperature sensor, such as a thermocouple, to assure
that part 402 does not pass a predetermined tempera-
ture.

[0049] Light produced by energy source 406 and
shone on part 402 should be intense enough to induce
diffusion of alloying elements away from the interface
within a suitable amount of time, as specified by particular
process requirements. However, the light energy should
not be so intense as to damage surface portions of part
402, such as by inducing cracks within the anodic oxide
film of part 402. In some embodiments, wavelengths of
light produced by energy source 406 are in the infrared
(IR) or near IR spectrum. Energy source 406 can be in
the form of one or more heat lamps, or in the form of a
laser that is tuned to produce a desired light wavelength.
In some cases it may be beneficial to perform a light
exposure prior to a dyeing process to assure that the
anodic oxide film does not contain substantially any light
absorbing compounds that can block the light from effi-
ciently diffusing the alloying elements away from the in-
terface. Conversely, dark dyestuffs within the anodic ox-
ide may help absorb radiation and enhance the local
heating of the oxide, achieving more efficient heating.
[0050] Note that since energy source 406 can localize
energy to surface 410 of part 402, portions of the under-
lying substrate of part 402 can remain relatively cooler
than the surface portions. This can prevent problems as-
sociated with the different thermal expansions of the sub-
strate and the anodic oxide film. Thus, by keeping the
bulk of substrate cool, this will keep the bulk of substrate
from heating up and expanding faster than the expansion
of the adjacent anodic oxide film. In some embodiments,
support 404 includes a cooling element that keeps por-
tion of the substrate cooler than surface 410 of part 402
during the light exposure. Because the heat is localized
to surface portions of part 202, it may be possible to
achieve localized higher temperatures at the surface part
402 than if the entire part 402 were heated. For example,
it may be possible to heat the surface of part 402 to tem-
peratures well above 150 degrees C without heating the
bulk substrate of part 402 to such temperatures, thereby
reducing the risk of causing the bulk substrate of part 402
to over-age and soften. If support 404 has a cooling
mechanism, this cooling can keep the bulk substrate of
part 402 well below these high temperatures that can
cause over-aging. In some cases, the surface of part 402
reaches temperatures of ranging between about 200 and
about 300 degrees C, or greater. These localized higher
temperatures can provide shorter exposure times for suf-
ficient alloying element diffusion. For example, sufficient
diffusion can occur in the order of minutes using temper-
atures of about 200 and 300 degrees C compared to an
hour or hours with temperatures of about 150 degrees C.
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[0051] Another method of supplying thermal energy to
apartinvolvesimmersing the part in a heated liquid. FIG.
5 shows a schematic view of a liquid heating system 500
for applying thermal energy to part 502, in accordance
with some embodiments. Liquid heating system 500 in-
cludes tank 504 suitable for containing liquid 506 as well
as part 502. Heater 510 can be configured to heat liquid
to a predetermined temperature as controlled by control-
ler508. Tank 504 can include a temperature sensor, such
as a thermocouple, that can monitor the temperature of
liquid 506 during a thermal diffusion process.

[0052] Insomeembodiments, liquid 506 is substantial-
ly free of water so as to prevent hydration and sealing of
the anodic pores within the anodic oxide film of part 502.
Suitable liquids 506 may include organic-based liquids.
During the thermal diffusion process, part 502 is im-
mersed within liquid 506, which is heated to a tempera-
ture sufficiently high to induce diffusion of alloying ele-
ments away from the interface of part 502. As described
above, desired temperatures can vary depending on the
metal alloy of part 502, the types of alloying elements, a
desired adhesion strength and/or desired amount of dis-
coloration, or even the desired final temper of the sub-
strate (where the heat treatment is being used to age the
alloy, as described later in this paper), as well as identi-
fication as to acceptable time periods for the diffusion
process within a manufacturing process. In some em-
bodiments, the temperature of liquid 506 is held at tem-
peratures of about 150 degree C or higher. In some cas-
es, part 502 is exposed to a gaseous form or liquid 506.
Thatis, liquid 506 is heated above a boiling point of liquid
506 such that part 502 is also immersed in a gaseous
form of liquid 506.

[0053] As described above, in some embodiments the
diffusion promoting process occurs in parallel with a hy-
drothermal sealing process, so as to avoid the need for
additional process steps or equipment. In these embod-
iments, liquid heating system 500 can be configured to
perform the diffusion promoting process with a sealing
process. In particular, tank 504 can be configured to hold
a liquid 506 that is aqueous. The aqueous liquid 506 can
be any type of aqueous liquid suitable for anodic oxide
pore sealing. In a particular embodiment, liquid 506 in-
cludes nickel acetate. Conventional sealing operations
use temperatures ranging from about 100 degrees C or
lower for about less than one hour - most typically be-
tween 15 and 45 minutes. However, such relatively low
temperatures may require long exposure times in order
to cause sufficient diffusion of alloying elements, in some
cases several hours (e.g., 4 or 5 hours) or longer. To
speed up the diffusion, liquid 506 can be heated to higher
than used in typical sealing operations. For example, lig-
uid 506 can be heated to about 150 degrees C or higher
over a period of a few hours or less. Such temperatures
are nominally more than sufficient to cause sealing and
can provide enough thermal energy to cause diffusion of
alloying elements away from the interface of part 502.
Temperatures well above 150 degrees C can be used to
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shorten the exposure times.

[0054] FIG. 6 shows flowchart 600 indicating a high
level process for performing a diffusing promoting proc-
ess on a part, in accordance with described embodi-
ments. At 602 an anodic oxide film is formed on a metal
alloy substrate by anodizing the metal alloy substrate.
Alloying elements from the metal alloy substrate are en-
riched at an interface between the metal alloy substrate
and the anodic oxide film during an anodizing process.
The alloying elements enriched at the interface can be
associated with a reduced adhesion strength between
the anodic oxide film and the metal alloy substrate, an
amount of discoloration of the part, or both.

[0055] At 604, at least some of the alloying elements
enriched at the interface are diffused away from the in-
terface. The alloying elements can diffuse toward one or
both of the metal alloy substrate and the anodic oxide
film. The resulting part has an increased adhesion
strength, reduced amount of discoloration, or both. In
some embodiments, the discoloration is reduced to a pre-
determined amount, such as an acceptable level of yel-
low, blue, green and/or magenta as measured using
L*a*b* color space model techniques.

[0056] As described above, it may be important to per-
form the diffusion promoting process before certain op-
erations of amanufacturing process. Forinstance, typical
post-anodizing processes include a sealing process,
which involves sealing or closing the anodic pores within
an anodic oxide film. Once sealed, the anodic oxide film
is stiffer and therefor can be more prone to cracking.
Thus, in some embodiments, it is preferable to apply the
thermal diffusion processes prior to or in parallel with a
sealing process and while the anodic oxide film is still
relatively compliant. Because the unsealed anodic oxide
film is relatively compliant compared to a sealed anodic
oxide film, it experiences a lower stress for a given ther-
mally-induced strain (the result of differential thermal ex-
pansion between high CTE metal substrates and rela-
tively low CTE oxide), remaining below its tensile limit
even at temperatures as high as 250 degrees C, and is
therefore less susceptible to cracking than a sealed
anodic oxide films. In addition, it may also be preferable
to perform certain thermal diffusion treatment prior to
some dyeing operations, especially ifthe dye is adversely
affected by the thermal diffusion treatment. In other cases
where the dye is not significantly adversely affected by
the temperatures of the thermal diffusion treatment, the
substrate is subject to a dyeing operation prior to the
thermal diffusion treatment. FIGS. 7 and 8 shows flow-
charts indicating different manufacturing process that in-
clude diffusion promoting processes, in accordance with
some embodiments.

[0057] FIG. 7 shows flowchart 700 indicating one man-
ufacturing process. At 702, a metal alloy substrate of the
partis anodized forming an anodic oxide film on the metal
alloy substrate. Prior to anodizing, the part can be shaped
using any suitable shaping operations including suitable
machining, extruding, etching, polishing and/or buffing
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operations. During the anodizing, alloying elements from
the metal alloy substrate become enriched at aninterface
between the anodic oxide film and the metal alloy sub-
strate. In some embodiments, the anodizing process can
be modified to reduce the amount of alloying elements
from accumulating at the interface. In some embodi-
ments, a Type Il anodizing process in sulfuric acid is per-
formed, thereby creating a relatively transparent anodic
oxide film. In a particular embodiment, a Type Il anodizing
process using an electrolytic bath including a sulfuric acid
concentration of about 150 g/L to about 150 g/L, with an
anodizing voltage ranging from about 8 volts to about 20
volts, with a current density ranging from about 0.5 A/dm?2
to about 2.5 A/dm2 is used, producing an anodic oxide
film having a thickness of between about 10 micrometers
to about 20 micrometers.

[0058] At 704, the part is optionally rinsed using, for
example, deionized water, to remove the anodizing bath
solution from surfaces of the part. The rinsing process
can also include a separate pore cleaning rinse using,
forexample, a three-minute immersion in dilute nitric acid
solution to remove some material from within the pores.
At 706, the anodic oxide film is optionally dyed to impart
adesired color to the anodic oxide film. Any suitable dye-
ing process can be used, including infusion of organic or
inorganic dyes (or both) within the anodic pores of the
anodic oxide film. If dyeing is performed at this stage, the
type of dye(s) used should be resistant to degradation
when subject to the thermal energy of the subsequent
diffusion promoting process. At 708, the part can be op-
tionally rinsed again to remove dye remnants.

[0059] At 710, the part is dried to remove water from
the part that can otherwise cause sealing of the pores
during the subsequent diffusion promoting process. In
some embodiments, the drying processinvolves allowing
water to evaporate from the part in air at room tempera-
ture. The amount of time for the drying process will de-
pend on the amount of moisture within the air. In normal
conditions, the air drying can occur over a period of an
hour or more. In some embodiments, the part is exposed
to a substantially moisture-free environment, such as un-
der nitrogen. At 712, a diffusion promoting process is
performed to diffuse the alloying elements away from the
interface. The diffusion promoting process generally in-
volves applying thermal energy to at least a portion of
the part, as described above. The diffusion promoting
process can include exposing the part to one or more
heating processes, as described above, until a desired
color of the part and/or adhesion strength between the
anodic oxide film and the substrate is/are achieved.
[0060] Once the alloying elements are sufficiently dif-
fused away from the interface, at 714 the anodic oxide
film is optionally dyed. If a prior dyeing process was per-
formed (at 706), the dyeing process at 714 constitutes
an additional dyeing process. In some embodiments, the
same dye(s) are infused as used in the dyeing process
706, while in other embodiments different dye(s) are in-
fused compared to the dye(s) used in dyeing process
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706. In other embodiment, the dyeing process at 714
constitutes a first dyeing process. At 716, the anodic
pores of the anodic oxide film are optionally sealed. The
sealing process can make anodic oxide film less suscep-
tible to taking on dirt, grease, fingerprints, etc. In some
embodiments a hydrothermal sealing process is used.
In other embodimentsiitis preferable to use a "cold" seal-
ing process in order to seal the anodic oxide film without
a risk of cracking/crazing the anodic oxide film. Note that
since thermal diffusion promoting process at 712 occurs
prior to sealing process 716, the thermal diffusion proc-
ess 712 can be performed with less risk of cracking the
anodic oxide film. This is because sealed anodic oxide
films are generally stiffer once the voids within the pores
are filled due to the hydrating process of sealing. For
example, hydration of aluminum oxide film of an alumi-
num alloy substrate creates various forms of aluminum
hydroxide, which fill the pores of the aluminum oxide film.
[0061] FIG. 8 shows flowchart 800 indicating an alter-
native manufacturing process. At 802, a metal alloy sub-
strate of the part is anodized forming an anodic oxide film
on the metal alloy substrate. As described above with
respect to FIG. 7, the anodizing process can be any suit-
able process, including a Type Il anodizing process. At
804, the part is optionally rinsed to remove residues re-
lated to the anodizing process and/or. In some cases
pore cleaning process is used to clean the pores of anodic
oxide film. At 806, the anodic oxide film is optionally dyed
using one or more suitable dyes. At 808, the part is op-
tionally rinsed again to remove residues related to the
dyeing process.

[0062] At 810, the part is exposed to a diffusion pro-
moting process that is performed in parallel with a sealing
process. A greater input of thermal energy is required
than that of a conventional sealing process - this may
simply be achieved by extending an otherwise conven-
tional sealing process immersion time to several hours.
In some embodiments, a modified sealing process can
be used that involves exposing the part to a heated aque-
ous sealing solution or gas (steam) at temperatures that
are higher than conventional sealing processes, as de-
scribed above with reference to FIG. 5. In some embod-
iments, the temperature of the sealing solution/gas is
greater thanabout 150 degrees C. An advantage of using
the processindicated by flowchart 800 is that the diffusion
promoting process and sealing process are performed
in the same operation, which can save time in the overall
manufacturing of the part, orin the case where otherwise
conventional sealing processes are simply prolonged,
the advantage is that no additional process steps or
equipment are required.

[0063] According to some embodiments, a post-ano-
dizing heating process is applied to a metal alloy sub-
strate that is sufficient to change the temper of the metal
alloy substrate. These processes can include elements
of a conventional heat treatment sequence for a high
strength metal alloy performed after anodizing, but prior
to sealing, allowing a wider range of temper conditions
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to be presented to the anodizing operation. This elimi-
nates or mitigates a number of cosmetic defects, which
are specific to the anodizing of high strength alloys in
their final temper using conventional techniques.
[0064] To illustrate, FIGS. 9A-9B show section views
of a surface portion of part 900, which includes a high
strength metal alloy substrate 902, undergoing a conven-
tional anodizing process. FIG. 9A shows part 900 prior
to an anodizing process, with surface 901 corresponding
to an exposed surface of part 900. Part 900 includes met-
al alloy substrate 902, which has grain boundaries 910
at the interfaces between the grains of metal alloy sub-
strate 902. Metal alloy substrate includes alloying ele-
ments 904. For example, typical 2000 series aluminum
alloys include copper, typical 6000 series aluminum al-
loys include silicon and magnesium, and typical 7000
series aluminum alloys include zinc and magnesium.
These alloying elements 904 are dispersed with in a met-
al matrix (e.g., aluminum). Other alloying elements in alu-
minum alloys can include chromium, manganese and
iron. Metal alloy substrate 902 is age hardened, also re-
ferred to as precipitate hardened. In general, age hard-
ening refers to a technique used to increase the strength
of alloys by creating precipitate particles 906 within the
metal matrix of metal alloy substrate 902. Precipitate par-
ticles 906 are fine particles of an impurity phase that im-
pede the movement of dislocations (defects in the crystal
lattice) of metal alloy substrate 902, thereby strengthen-
ing or hardening metal alloy substrate 902.

[0065] Typical age hardening involves two processes.
First, metal alloy substrate 902 is heated to a temperature
above its solvus temperature for a sufficient time for al-
loying elements 904 to become fully dissolved in a solid
solution of the matrix, and homogeneously distributed.
The metal alloy substrate is then quickly cooled
(quenched) such that alloying elements 904 are in a su-
per-saturated solid solution within the metal alloy sub-
strate 902. This process is "solution heat treatment",
sometimes also referred to as homogenizing. The pur-
pose of rapid quenching to a low temperature is to avoid
growth of any precipitates (facilitated by the kinetic en-
ergy provided by higher temperatures), whilst reaching
the low temperatures at which there is the greatest driving
force for nucleation of a second phase (the precipitates).
This may be combined with a shaping or forming process
that involves heating metal alloy substrate 902 at or near
the solvus temperature and then quenching metal alloy
substrate 902 immediately after the forming process
(e.g., T1 aluminum alloy). Such processes, which can be
referred to as "hot working" or "hot forming" processes,
can include rolling, extrusion, or other suitable working
process.

[0066] The second partofatypical age hardening proc-
ess is the carefully controlled growth of these precipi-
tates. This is achieved by re-heating the homogenized
substrate 902 to a temperature (lower than that used for
homogenizing), and holding the alloy at this temperature
for several hours such that the supersaturated alloying
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elements 904 cause growth of precipitate particles 906.
This second process can be referred to as an aging proc-
ess, an age hardening process, a precipitate hardening
process, an artificial aging process, or sometimes simply
a heat treatment process. The second, artificial aging
process may itself be conducted in more than one step,
in order to optimize the distribution and size of precipi-
tates particles 906. In some cases, it may be deliberately
curtailed, to yield a partially hardened (e.g., "half hard")
alloy temper, which still has further scope for further hard-
ening through a further aging process. This partially hard-
ened condition is exploited in one of the preferred em-
bodiments described herein. Alloying elements 904 and
precipitate particles 906 tend to aggregate or become
enriched along grain boundaries 910. The degree to
which metal alloy substrate 902 is age hardened can be
reflected by its temper designation. For example, T6 gen-
erally refers to a peak-aged aluminum alloy substrate,
which exhibits the maximum achievable strength and
hardness.

[0067] FIG. 9B shows part 900 after an anodizing proc-
ess, where surface 901 is exposed to an anodizing proc-
ess. During anodizing, portions of metal alloy substrate
902 are converted to a corresponding anodic oxide film
912. As such, surface 913 of anodic oxide film 912 cor-
responds to an exposed surface of part 900. Non-alloy
substrates, such as pure aluminum substrates or lightly
alloyed aluminum substrates (e.g., some 1000 series al-
loys), can anodize to produce highly transparent, clear,
colorless, and uniform anodic oxide films that have a de-
fect-free substrate/oxide interface. However, alloying el-
ements 904 within metal alloy substrate 902 can have
deleterious effects on the cosmetics of part 900 after an-
odization, such as discoloring part 900. For example,
chromium, copper and/or manganese can discolor an
aluminum oxide film, copper can discolor an underlying
aluminum alloy substrate, silicon can make an aluminum
oxide film less transparent or clear, and zinc, magnesium
and/or silicon can make an aluminum oxide film and its
surface less uniform. Some of these cosmetic defects
relate to the distribution of alloying elements 904 in metal
alloy substrate 902 prior to anodizing, and are therefore
observed to differing degrees depending on tempering
conditions when tempering metal alloy substrate 902.
[0068] Many cosmetic defects are particularly appar-
ent when metal alloy substrate 902 is an aged high
strength alloy (e.g., T6 aluminum alloys). In particular,
grooves 914 form within metal alloy substrate 902 where
surface 901 of metal alloy substrate 902 intersect with
grain boundaries 910. Grooves 914 are formed when al-
loying elements 904 and/or precipitate particles 906 ag-
gregated along grain boundaries 910 and act as corro-
sion sites during the anodizing process and/or during a
pre-anodizing process (e.g., chemical polishing), caus-
ing portions of metal alloy substrate 902 to corrode away.
Since anodizing involves converting a portion of metal
alloy substrate 902 to a conformal anodic oxide film 912,
corresponding grooves 916 form along surface 913 of
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anodic oxide film 912. The number and size of grooves
914 and 916 can vary depending on factors such as the
type and temper of metal alloy substrate 902. In some
circumstances, grooves 914 may develop into ridges as
anodizing proceeds, since the defective oxide corre-
sponding to the oxidation of grain boundaries may inhibit
coating growth. Grooves 916 in the outer surface of anod-
ic oxide film 912 may then have corresponding ridges at
the interface 918 of metal alloy substrate 902 and anodic
oxide film 912, rather than the further set of grooves 914
illustrated. Either way, the disturbances in the interface
918 can interrupt an otherwise smooth, mirror-like inter-
face, and imperfections in the visual appearance of the
surface 913 after anodizing.

[0069] Insomecases, grooves 914 and/orgrooves 916
are not immediately obvious from a cosmetic point of
view after anodizing. However, grooves 916 along sur-
face 913 can make part 900 more susceptible to uptake
of dirt and grease during use of part 900. For example,
if part 900 corresponds to electronic device handled by
a user, dirt and/or grease from the user’s hands can be-
come entrapped within grooves 916. After a period of
use, the dirt and/or grease can accumulate within
grooves 916 to a point where anodic oxide film 912 is no
longer transparent and part 900 appears to have a cloud-
ed appearance.

[0070] Cosmetic defects in anodized aluminum finish-
es, such as the grooving described above, can be avoid-
ed by integrating parts of a conventional aging process
sequence for an alloy into a sequence of an anodizing
process. For example, part or all of the artificial aging of
an aluminum alloy to accomplish a full T6 peak aged
temper, which is conventionally only performed before
anodizing, can be performed after an anodizing process.
This allows alloys to be anodized in tempers such a W
or T4 (solution heat treated, but without subsequent ar-
tificial aging) condition or in a partially aged "half-hard"
condition, yielding better cosmetics, with an aging proc-
ess being applied after anodizing to obtain a maximum
strength after the optimal cosmetics of the anodic oxide
film have been established.

[0071] FIGS. 10A-10C show section views of a surface
portion of part 1000 being formed using a post-anodizing
aging process, in accordance with described embodi-
ments. FIG. 10A shows part 1000 prior to an anodizing
process, with surface 1001 corresponding to an exposed
surface of part 1000. Part 1000 can correspond to any
type of part, such as a housing or enclosure for consumer
products 102, 104 or 106 described above with reference
to FIG. 1. Part 1000 includes metal alloy substrate 1002,
which has grain boundaries 1010 at the interfaces be-
tween the grains of metal alloy substrate 1002. Metal
alloy substrate 1002 includes alloying elements 1004.
The choice of metal alloy can depend on desired physical
characteristics (e.g., hardness and strength) and/or cos-
metic characteristics (e.g., color) of the metal alloy. In
particular applications, 7000 and 2000 series aluminum
alloys are used. As described above, some 7000 series
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aluminum alloys can have a bluish hue and some 2000
series aluminum alloys can have a yellowish hue. Thus,
in some applications, it may be preferable to use a 7000
series aluminum alloy over a 2000 series aluminum alloy,
or vice versa.

[0072] Metal alloy substrate 1002 is in an age-harden-
able state. Age-hardenable can refer to a metal alloy that
is capable of being hardened or strengthened using a
subsequent aging or heat treatment process. In some
embodiments, metal alloy substrate 1002 is in a homog-
enized state, partially homogenized state or a homoge-
nized and partially aged state. As described above, ho-
mogenizing involves heating metal alloy substrate 1002
to a temperature sufficient to cause alloying elements
1004 to become homogeneously distributed within the
metal matrix (e.g., aluminum) of metal alloy substrate
1002. Metal alloy substrate 1002 is then quickly cooled
(quenched) such that alloying elements 1004 are in a
supersaturated state within the metal matrix. In some em-
bodiments, a water quenching or air quenching process
is used. In some embodiments, the quenching occurs in
a water-free or moisture-free environment. The homog-
enizing process uniformly distributes alloying elements
1004 such that alloying elements 1004 do no significantly
aggregate or enrich along grain boundaries 1010. In ad-
dition, homogenizing can dissolve any pre-existing pre-
cipitate particles back into the metal matrix. As a result,
grain boundaries 1010 are less pronounced in micro-
structural chemical terms, and less susceptible to differ-
ent behavior from the matrix during chemical pre-treat-
ment or anodizing.

[0073] In some embodiments, metal alloy substrate
1002 is partially homogenized such that some alloying
elements 1004 are redistributed away from grain bound-
aries, while some alloying elements 1004 remain aggre-
gated along grain boundaries 1010. In some cases, the
partially homogenized metal alloy substrate 1002 in-
cludes some precipitate particles. The amount of homog-
enization of metal alloy substrate 1002 can vary depend-
ing on desired results and on process limitations, such
manufacturing requirements and supply limitations. In
some embodiments, the homogenization involves heat-
ing metal alloy substrate 1002 to a temperature (homog-
enizing temperature) then quenching the metal alloy sub-
strate 1002 to prevent substantial growth of precipitate
particles. In some embodiments, the metal alloy sub-
strate 1002 is heated to a homogenizing temperature
ranging between about 500 degrees C and about 600
degrees C for a time period ranging between about 1 and
about 9 hours. In a particular embodiment, an aluminum
alloy substrate is heated to between about 500 degrees
C and about 600 degrees C for between about 1 to 2
hours. In some cases, an aluminum alloy substrate hav-
ing a T4 temper is formed. In some embodiments, an
aluminum alloy substrate has a W or O temper, with O
corresponding to a substantially fully homogenized alloy.
[0074] Insomeembodiments,the metal alloy substrate
is in an over-aged state (not shown). Over-aging gener-
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ally involves age hardening an alloy to a point where the
alloying elements form very large precipitate particles
that are dispersed within the metal matrix. The precipitate
particles are so large and disperse that they do not suf-
ficiently interact with dislocations of the metal alloy sub-
strate, and therefore do not significantly strengthen or
harden the metal alloy substrate. In some cases the pre-
cipitate particles are substantially uniformly distributed
within the metal matrix such that they do not preferentially
aggregate along grain boundaries of the metal alloy sub-
strate. Examples of suitable over-aged aluminum alloy
substrates can include some 7000 and 2000 series alu-
minum alloys having a T78, T76 or T73 temper.

[0075] Insome preferred embodiments, the metal alloy
substrate is in a homogenized and partially hardened
temper (e.g., "half-hard") where one part of a two-part
aging treatment has been conducted before machining
and anodizing. The metal alloy substrate can be placed
at an optimal hardness for machining. The second part
of the aging process may be performed after anodizing
to leave the metal alloy substrate at its optimal, peak
hardness.

[0076] Metalalloy substrates, when ina homogenized,
partially homogenized, homogenized and partially aged
or over-aged state, are generally softer and more malle-
able compared to when in an age hardened state. Thus,
it can be easier to change a shape of the metal alloy
substrate to a desired shape while in the homogenized,
partially homogenized, homogenized and partially aged
or over-aged state. For example, in a machining opera-
tion, the softer metal alloy substrates can put less wear
on the tools, thereby extending the life of the tools. Alter-
natively, the tools can be made of materials that are less
hard and less expensive than tools used to machine fully
age hardened alloys. In a surface finishing operation, the
softer metal alloy substrates can be finished with a less
abrasive material and/or for less time. In a surface tex-
turing operation (e.g., blasting), a less abrasive material
can be used. These differences can provide important
operational and cost benefits when manufacturing nu-
merous parts of a product line. In particular, machining
time can be reduced and the tool life can be extended.
The degree of softness and malleability of the metal alloy
substrate will depend on a number of factors such as the
type of alloy (type of metal and alloying elements) and
the degree of homogenization, partial aging, or over-ag-
ing. Although a softer metal alloy substrate provides
these benefits, the metal alloy substrate should still be
rigid enough to maintain a shape while being machined
and/or finished. In general, the higher degree of homog-
enization or over-aging, the more malleable the substrate
will be. Thus, one can obtain a predetermined amount of
malleability and rigidity for the substrate by choosing a
degree of homogenization, partial aging, or over-aging.
[0077] FIG. 10B shows part 1000 after an anodizing
process that forms anodic oxide film 1012. Anodic oxide
film 1012 is mainly made of a corresponding oxide ma-
terial of metal alloy substrate 1002. For example, an alu-
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minum metal alloy substrate 1002 will result in an anodic
oxide film 1012 mainly made of aluminum oxide. Surface
1013 of anodic oxide film 1012 corresponds to an ex-
posed surface of part 1000. As shown, metal alloy sub-
strate 1002 and anodic oxide film 1012 are free of
grooves associated with corrosion of alloying elements
1004 and/or precipitate particles along grain boundaries
1010. In embodiments where metal alloy substrate 1002
is partially homogenized, homogenized and partially
aged, or over-aged, anodic oxide film 1012 and metal
alloy substrate 1002 may have some grain boundary
grooves. However, these grooves will be much more sub-
tle and less severe compared to an anodic oxide film
formed from a peak age-hardened alloy (e.g., T6 alumi-
num alloy), such as shown in FIGS. 9B. For metal alloys
substrates that are over-aged, the resulting anodic oxide
film can also have less grain boundary grooves since the
large precipitate particles are substantially uniformly dis-
tributed and not predominately or exclusively located
along grain boundaries. The parameters of the anodizing
process can be chosen to produce an anodic oxide film
1012 having desired physical characteristic (e.g., hard-
ness) and/or desired cosmetic appearance. In some em-
bodiments, the anodizing process is optimized to form a
substantially transparent finish for part 1000.

[0078] Insome cases, anodizing while metal alloy sub-
strate 1002 is in an age-hardenable state can result in
the anodic oxide film to have a different color compared
to an anodic oxide film formed on the corresponding age
hardened metal alloy substrate. The color differences
can be attributed to the different concentrations and dis-
tributions of alloying elements 1004 in the matrix and/or
precipitate particles. The color differences can vary de-
pending on the types and amounts of alloying elements,
as well as the degree of homogenization, aging or over-
aging of the metal alloy substrate.

[0079] Once anodicoxide film 1012is formed, itis gen-
erally desirable to strengthen metal alloy substrate 1002
so that part 1000 is not easily deformable during further
processing and during use of part 1000. FIG. 10C shows
part 1000 after an aging process. As described above,
an "artificial" aging, or "age hardening" process generally
involves heating the metal alloy substrate 1002 to a tem-
perature at which there is sufficient thermal energy for
alloying elements that have been quenched into a super-
saturated solid solution to form precipitates, which grow
in a controlled manner over a matter of hours to yield an
optimal distribution of optimally sized precipitate particles
1006. An optimally sized and distributed set of precipitate
particles 1006 impedes the movement of dislocations
(defects in the crystal lattice) of metal alloy substrate
1002, thereby strengthening or hardening metal alloy
substrate 1002. Thus, metal alloy substrate 1002 gains
strength yet anodic oxide film 1012 remains substantially
groove-free and cosmetically appealing.

[0080] The temperature (age hardening temperature)
at which metal alloy substrate 1002 is heated can vary
depending on a number of factors including the type of
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metal alloy material and a desired final strength of metal
alloy substrate 1002. In some embodiments, the temper-
ature and cooling method are chosen to produce precip-
itate particles 1006 of a predetermined size. In some cas-
es, precipitate particles 1006 are large enough to be vis-
ible by the human eye while in other cases precipitate
particles 1006 are microscopic or submicroscopic. Age
hardening generally involves heating metal alloy sub-
strate 1002 to a lower temperature compared to a tem-
perature used to homogenize metal alloy substrate 1002
(at FIG. 10A). In a particular embodiment where an alu-
minum alloy is used, metal alloy substrate 1002 is heated
to temperature ranging between about 150 degrees C
and 160 degrees C for between about 8 and 10 hours,
resulting in a T6 temper high strength aluminum alloy.
After heating, metal alloy substrate 1002 is typically slow-
ly cool to allow for controlled growth of the precipitate
particles 1006. In some embodiments, metal alloy sub-
strate 1002 is allowed to cool in ambient room tempera-
ture conditions. In some embodiments, it may be impor-
tant to avoid hydration (exposure to water or moisture)
during the heating and cooling process in order to avoid
sealing of anodic oxide film 1012.

[0081] For metal alloy substrates that are over-aged
prior to anodizing, after anodizing the over-aged metal
alloy substrate can be homogenized and then re-aged.
That is, the anodized over-aged metal alloy substrate
can be exposed to a homogenizing process, whereby
the large precipitate particles are dissolved back into the
metal matrix and quenched, putting the metal alloy sub-
strate into ahomogenized or partially homogenized state.
Then, an aging process is performed to re-form the pre-
cipitate particles, this time in a way that strengthens the
metal alloy substrate. Since the anodic oxide film is sub-
stantially groove-free, the end result will be a hardened
metal alloy substrate with a cosmetically appealing finish.
[0082] In one preferred embodiment, where the metal
alloy substrate was partially aged prior to machining and
anodizing, so as to be of optimal strength, hardness and
ductility for forming and machining operations, the artifi-
cial aging may now be completed after anodizing to yield
the maximum strength and hardness of the metal alloy
substrate.

[0083] After the aging process is complete and metal
alloy substrate 1002 is sufficiently strengthened, one or
more post-anodizing operations can be performed. For
example, anodic oxide film 1012 can be dyed using one
or more dyeing processes, polished, and/or sealed. In
some embodiments, part 1000 is then assembled with
other portions of a final product.

[0084] Examples - Presented below are some specific
examples of post-anodizing aging processes performed
on aluminum alloy substrates.

[0085] Example 1: A T4 homogenized 7000 series alu-
minum alloy enclosure is machined prior to chemical pol-
ishing and anodizing. This minimizes or eliminates pref-
erential etching of grain boundaries and eliminates the
grooves in the anodic oxide film surface of the finished
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enclosure. The strength of the aluminum alloy is restored
to a T6 condition by aging (heat treating) after anodizing.
[0086] Example 2: Anodizing is performed on a 2000
series aluminum alloy that is heavily over-aged condition
(e.g., T73) to minimize the level of free copper in the
aluminum matrix, and minimize the consequent enrich-
ment of copper at the aluminum alloy/anodic oxide inter-
face (which occurs as a result of preferential oxidation of
aluminum) and minimize the corresponding discoloration
of the anodic oxide film surface. This also minimizes the
discrepancy between the growth rates of grains of differ-
entorientations, allowing more uniform anodic oxide films
to be grown, and avoiding a pit-like appearance due to
deeper growth of anodic oxide on grains of certain pre-
ferred orientations.

[0087] FIG. 11 shows flowchart 1100 indicating a high
level process for performing a post-anodizing aging proc-
ess, in accordance with described embodiments. At
1102, ametal alloy substrate that is in an age-hardenable
state is anodized. Generally, this means that prior to an-
odizing, the metal alloy substrate is homogenized, par-
tially homogenized, homogenized and partially aged, as
described above. The metal may also be over-aged, with
subsequent re-homogenization and re-aging to be per-
formed. A homogenized metal alloy substrate will have
homogenous arrangement of alloying elements where
the alloying elements are substantially uniformly distrib-
uted within a metal matrix of the metal alloy substrate.
Therefore the alloying elements will not be preferentially
aggregated along grain boundaries of the metal alloy
substrate. A partially homogenized or homogenized and
partially aged metal alloy substrate will have some
amount of non-uniform distribution of alloying elements
and/or precipitate particles. However, the alloying ele-
ments and/or precipitate particles should not be aggre-
gated along the grain boundaries to a degree that causes
substantial grain boundary grooving. The degree to
which a partially homogenized metal alloy substrate, or
homogenized metal alloy substrate that is partially aged,
is homogenized will depend on a number of factors in-
cluding the type of alloy. An over-aged metal alloy sub-
strate can have large precipitate particles that are sub-
stantially uniformly distributed and not preferentially
along grain boundaries. The resultant anodized age-
hardenable metal alloy substrate will be substantially free
of defects related to grain boundary grooving.

[0088] At 1104, the anodized metal alloy substrate is
age-hardened to achieve its peak strength and hardness.
The age hardening process increases a strength of the
metal alloy substrate, making it more useable for many
applications. In a particular embodiment, the metal alloy
substrate corresponds to an enclosure, or a portion of an
enclosure, for a consumer electronic product. In these
embodiments the metal alloys substrate should be strong
enough to withstand stresses incurred by normal use of
the electronic device. The age hardening process gen-
erally involves heating the metal alloy substrate to a tem-
perature at which controlled growth of precipitates may
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be achieved to an optimal size over a matter of hours.
[0089] FIG. 12 shows flowchart 1200 indicating a man-
ufacturing process that includes a post-anodizing aging
process, in accordance with some embodiments. At
1202, one or more optional shaping operations are per-
formed on a metal alloy substrate. The shaping opera-
tions can include casting, extruding, machining (e.g., cut-
ting or milling), lapping, polishing and/or texturing (e.g.,
blasting and/or chemical etching) operations. In some
embodiments, the one or more shaping operations shape
the metal alloy substrate to nearly a final shape of a part,
such as a shape of an enclosure for an electronic device.
The metal alloy substrate can be made of any suitable
alloy. In particular embodiments, the metal alloy sub-
strate is a 7000 series or 2000 series aluminum alloy. At
this point the metal alloy substrate can be in any state of
temper. For example, an aluminum alloy substrate can
be in ahomogenized or partially homogenized state (e.g.,
T4, W or O), hardened state (e.g., T6) or an over-aged
state (e.g., T78, T76 or T73). The temper of the metal
alloy substrate may depend on manufacturing require-
ments and availability, such as from a supplier of the
metal alloy material. In one preferred embodiment, the
aluminum alloy substrate is homogenized and partially
age-hardened (e.g. to a "half-hard" state), so as to
present an optimal combination of strength, hardness
and ductility for the shaping operations. After anodizing,
the remaining part of the artificial age-hardening se-
quence is completed to yield the peak strength and hard-
ness of the metal alloy substrate for its service life.
[0090] At 1204, the metal alloy substrate is placed in
an age-hardenable state. This means that the metal alloy
substrate is processed such that it is capable of being
strengthened using a subsequent aging process. As de-
scribed above, this may include homogenizing, partially
homogenizing or over-aging the metal alloy substrate us-
ing one or more heating methods. In some situations the
metal alloy substrate can be purchased from a supplier
in a predetermined age-hardenable state. For example,
an aluminum alloy substrate can be purchased in a ho-
mogenized or partially homogenized state (e.g., T4, W
or O) or an over-aged state (e.g., T78, T76 or T73).
[0091] At 1206, the age-hardenable metal alloy sub-
strate is optionally shaped to a predetermined shape.
This shaping operation can be done in addition to or in-
stead of the shaping in 1202. The shaping can include
one or more casting, extruding, machining (e.g., cutting
or milling), lapping, polishing and/or texturing (e.g., blast-
ing and/or chemical etching) operations. The age-hard-
enable metal alloy substrate is generally softer than when
it is in a hardened state. This may significantly improve
machining efficiency or performance, or may be used to
increase tool life.

[0092] Note that the optional shaping operations 1202
and 1206 allow for shaping the metal alloy substrate in
a wider range of states (e.g., tempers) compared to con-
ventional manufacturing processes that involve shaping
the substrate while in a final hardened state. In some
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cases, it may be preferable to perform all shaping oper-
ations prior to placing the metal alloy substrate in an age-
hardenable state (1202). In other cases, it may be pref-
erable to perform all shaping operations while the metal
alloy substrate is in an age-hardenable state (1206). In
other cases, it may be preferable to perform some shap-
ing operations prior to placing the metal alloy substrate
in an age-hardenable state (1202) and other shaping op-
erations after placing the metal alloy substrate in an age-
hardenable state (1206). For example, it may be desira-
ble to perform certain machining operations prior to plac-
ing the metal alloy substrate in an age-hardenable state
(1202) and then perform a re-homogenization to place
the part to an age-hardenable state (1206) prior to fin-
ishing operations (e.g., etching, chemical polishing and
anodizing). These options provide more flexibility when
designing a manufacturing process.

[0093] At 1208, the metal alloy substrate is anodized
while in an age-hardenable state, forming an anodic ox-
ide film. In some cases, one or more pre-anodizing proc-
esses, such as chemical polishing or etching, are per-
formed immediately prior to anodizing to enhance the
cosmetics of the metal alloy substrate. Since the metal
alloy is in an age-hardenable state, alloying elements
and/or precipitate particles are substantially homoge-
nously distributed within the metal matrix and not signif-
icantly preferentially along grain boundaries. Thus, the
pre-anodizing and anodizing do not cause sufficient cor-
rosion along grain boundaries that can form grooves with-
in the metal alloy substrate and the anodic oxide film.
That is, the anodic oxide film is substantially free of de-
fects related to grain boundary grooving. In some appli-
cations the anodic oxide film is substantially clear or
transparent, allowing a clear view of the underlying metal
alloy substrate.

[0094] At 1210, the anodized metal alloy substrate is
age hardened in order to place the metal alloy substrate
into a strengthened and more usable form. This generally
involves causing the alloying elements to form precipitate
particles such that the precipitate particles impede the
movement of dislocations of the metal alloy substrate.
Since the anodic oxide film has already been formed, the
formation of precipitate particles does not cause the
above-described grain boundary grooving with the metal
alloy substrate. In particular embodiments using an alu-
minum alloy, this involves heating the aluminum alloy to
a temperature ranging between about 150 degrees C
and 160 degrees C for between about 8 and 10 hours,
then allowing the aluminum alloy to slowly cool to room
temperature.

[0095] At 1212, the anodic oxide film of the anodized
metal alloy substrate is optionally dyed using one or more
dyeing operations. In some embodiments, the dyeing op-
eration(s) involve infusing organic or inorganic dyes with-
in pores of the anodic oxide film. At 1214, the anodic
oxide film is optionally sealed using one or more sealing
operations. The sealing closes the pores of the anodic
oxide film, making it less susceptible to taking up dirt and
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other foreign matter via fingerprints, etc.

[0096] Note that variations of the methods described
above with reference to FIGS. 9-12 can be used. For
example, the preceding description makes a number of
references to processing aluminum alloys. It should be
noted that the methods described herein may also be
applicable to any other suitable anodizable metal alloys
that are heat treatable, including certain zirconium, tita-
nium and magnesium alloys. In some embodiments, the
manufacturing process includes an optional dyeing step
after age hardening. Variations such as dyeing before
age hardening may be possible, and are considered to
fall within the scope of described embodiments. Addition-
ally, whilst the above description focuses on the cosmet-
ics of a finished article, the process may be used to im-
prove other aspects of the anodic oxide film and metal
alloy substrate. For example, anodizing in an over-aged
condition can minimize the enrichment of zinc at the metal
oxide interface of certain zinc containing aluminum al-
loys, which can improve interfacial adhesion. The peak
strength and hardness (e.g., T6) of an over-aged metal
alloy substrate can be recovered after anodizing by re-
solution-heattreating (homogenizing) and age hardening
the alloy.

[0097] In some embodiments, aspects of the post-an-
odizing diffusion promoting processes described above
with reference to FIGS. 1-8 are combined with the post-
anodizing aging processes described above with refer-
ence to FIGS. 9-12. For example, after anodizing, ametal
alloy substrate can be heated to a temperature and time
period sufficient to cause diffusion of alloying elements
away from the interface (between the anodic oxide film
and the underlying substrate) and also to cause age hard-
ening of the metal alloy substrate to its peak strength or
hardness. For a given temperature, the time period for
causing sufficient diffusion away from the interface is
generally less than the time period for age hardening the
metal alloy substrate. Thus, in some cases, a diffusion
promoting process can be extended to age harden the
metal alloy substrate. However, in some cases the inten-
tional formation of precipitate particles during the aging
process can detrimentally affect the color of the anodic
oxide film finish. These factors should be weighed and
taking into consideration when designing processes for
particular applications and for producing desired results.
[0098] Inone preferred embodiment, the temper of the
metal alloy substrate prior to anodizing is adjusted (by
slightly curtailing an optimal aging process), so that a
post-anodizing heat treatment, tailored for diffusing in-
terfacially enriched alloying elements away from the in-
terface, is also optimal for completing the artificial aging
process of the metal alloy substrate and achieving its
peak strength and hardness.

[0099] The foregoing description, for purposes of ex-
planation, used specific nomenclature to provide a thor-
ough understanding of the described embodiments.
However, it will be apparent to one skilled in the art that
the specific details are not required in order to practice
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the described embodiments. Thus, the foregoing de-
scriptions of the specific embodiments described herein
are presented for purposes of illustration and description.
They are not targeted to be exhaustive or to limit the
embodiments to the precise forms disclosed. It will be
apparent to one of ordinary skill in the art that many mod-
ifications and variations are possible in view of the above
teachings.

Claims

1. A method of treating a part comprising a metal alloy
substrate, the method comprising:

forming an anodic oxide film on the metal alloy
substrate by anodizing the metal alloy substrate,
wherein alloying elements from the metal alloy
substrate are enriched at an interface between
the metal alloy substrate and the anodic oxide
film; and

exposing the part to a diffusion promoting proc-
ess causing at least some of the alloying ele-
ments enriched at the interface to diffuse away
from the interface toward one or both of the metal
alloy substrate and the anodic oxide film.

2. Themethod of claim 1, wherein the alloying elements
enriched at the interface are associated with reduced
adhesion strength between the anodic oxide film and
the metal alloy substrate, wherein the adhesion
strength between the anodic oxide film and metal
alloy is increased after exposing the part to the dif-
fusion promoting process.

3. Themethodofclaim 1, wherein the alloying elements
enriched at the interface are associated with a first
color of the part, wherein the part takes on a second
color different than the first color after exposing the
part to the diffusion promoting process.

4. The method of claim 1, wherein exposing the part to
a diffusion promoting process comprises:

heating the part to a predetermined tempera-
ture.

5. The method of claim 4, wherein the predetermined
temperature is about 150 degrees C or higher.

6. The method of claim 4, wherein the predetermined
temperature is between about 200 degrees C and
about 300 degrees C.

7. The method of claim 4, where the predetermined
temperature is sufficiently low to substantially pre-
vent cracking of the anodic oxide film.
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The method of claim 1, wherein a surface of the part
corresponds to an exposed surface of the anodic
oxide film, wherein exposing the part to a diffusion
promoting process comprises:

exposing the surface of the part to light.

The method of claim 1, wherein exposing the part to
a diffusion promoting process comprises:

exposing the part to a heated liquid, gas or a
combination thereof.

The method of claim 1, wherein the alloying elements
enriched at the interface includes zinc.

The method of claim 1, wherein the part is a housing
for an electronic device.

A housing for an electronic device, the housing com-
prising:

an aluminum alloy substrate having a zinc alloy-
ing element; and

an aluminum oxide coating disposed on a sur-
face of the aluminum alloy substrate.

The housing of claim 12, wherein the zinc alloying
element is substantially uniformly distributed within
the aluminum substrate.

The housing of claim 12, wherein the housing has
predetermined L*a*b* color space values.

The housing of claim 12, wherein the electronic de-
vice is portable computer, portable phone or tablet
computer.
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