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THERMAL CONDUCTIITY OF IMIUD ANODIZED COATINGS ON ALUMINUM
T. R. Ogden
Naval Ocean Systems Center
San Diego, Ca 92152-5000

ABSTRACT
Thermal conductivities of several commercial hard anodic coatings are measured using a transient heatflow technique. These
coatings were found to be effective heat insulators with thermal
conductivities of the commercial coatings averaging 0.7 W/mn/K. A
laboratory anodization facility was assembled and the variation of
thermal conductivity of the anodic coatings measured as a function
of the anodization parameters. Preliminary results show that thermal conductivities as high as 1.3 W/m/K can be obtained in thick
anodic coatings by optimizing the anodization parameters.
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barrier-type coating and in the plane of the film. Zil'berman et al.
estimated the thermal conductivity of thicker, porous coatings
formed in sulfuric acid to be 1.0 W/m/K. Ilis estimate was based
oil the increase in temperature in samples of aluminum as they
were being anodized, due to the electrical power dissipated in the
film by the anodization process.
Thermal conductivities of thick, porous anodized aluminum
coatings are reported for heat transfer normal to the plane of the
coating. Several coatings were obtained from commercial vendors
and are thought to be representative of the typical sulfuric acidbased anodic coatings on which the great majority of the commercial processes are based. The thermal conductivity of anodizations
performed in the laboratory are also given and variations which can
be obtained by modifying the anodization parameters.

The most effective method of protectng aluminum hardware
against corrosion and abrasion is anodization, an electrochemical
method of converting aluminum to aluminum oxide. Thick coatings of this type (15 or more micrometers in thickness) are known
as "hard" anodize. In the marine environment these coatings are
essential for corrosion and abrasion protection on hig't-elliciency,
heat-transfer hardware used in propulsion systems.
PORIE

Anodized coatings consist mainly of aluminum oxide, however,
significant quantities of anion are present as well as water in the
form of hydrated aluminum oxide. For example hard, anodic coatings formed in sulfuric acid contain about 15 percent sulfate anion
and significant amounts of water, either free or bound in the form
of mono- or trihydrates of aluminum oxide. If the coating is
applied on an alloy of aluminum, then the impurities of that alloy
are also incorporated into the film. Furthermore, these coatings are
porous with a pore volume of about 5-20 percent. Figure 1 shows
the idealized microscopic structure of an anodie oxide film on
aluminum. There is an hexagonal structure with a pore at the
center of each cell. Since the pore length is perpendicular to the
plane of the film the porous nature of the coatings should be a relatively minor inhibiting factor in thermal conduction. Since the
principal constituent of these coatings is aluminum oxide, it is cornimonly assumed that the thermal conductivity is somewhat less than
that of aluminum oxide (about 30 V/m/K). This value of thermal
conductivity is correct for polycrystalline aluminum oxide (corundum) The aluminum o\ide contained in anodized coatings is, however, quasi-amorphous and, since th coatings also contain %ery
large amounits of other compounds, it is not urprismng that the
tlhermal conductivity is very imuch lower than that of polycr)stalline aluminum oxide. As a rule of thu mlb the thermal conductivity
of m amorphous dielectric material, such as aluminum oxide, is
usually about an order of intgnmtude lower than the thermal conductivity of the crystalline form of the same material,
Because anodized aluminum is produced in tIe form of relatively thin coatings and not in bulk, it is not ems to make an accurate, direct measurement of the thermal conductIN ity usifmig
co;% entional techniques Definitive measurements of the thermal conductivity of hard anodized aluminum coating, cannot be found in tile
literature, Published values' 4 cover a surprisingly wide range of
almost two orders of magnitud, from 0,1 to 7 \V/milK, but some
of these are the, result of estimates based on indirect measuiements.
Apparently, the most reliable measurements are those of Shifrin'
and Zil' berman " Shifrin reported a thermnsl conductivity of 1.68
W/m/I(. This measurement was made ont a very thin, non-porous,
' his paper Is declared a work of the U.S. Government and Is
n141WbJeci
Io Copyright prolecltion Inthe United Stales.
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TYNTS
The transient heat-flow method used in this %%ork to determine
thermal conductivity was developed by Lee s to measure the therreal conductivities of polymer films. Advantages of the method
compared to steady-state methods include, less instrumentation,
quicker measurements, and lower sensitivity to heat losses.
Ilardvare and test procedures for the thermal conductivity
ineaui ements are fairly simple, are described thoroughly by Lee,
and are discussed here only briefly. In any given test, hardware
consists of a small aluminum block covered with an anodized coating of interest and a large copper block. Each block is a right circular cylinder with a small deep hole in the side where chromelcomtantan thermocouples are soldered to monitor internal temperatures. The small block is made of 6061-TG aluminum and has a
height of 9.52 mm and a diameter of 12.7 mam. The large block is
made of copper, and its dimensions are not critical except that its
thermal mass should be much larger than that of the small aluminum test block. To prepare for a test, tihe large copper block is
preheated to approximately 100 degrees C, while the small aluminum block is maintained at oom temperature.
t time zero, the
two blocks are brought together, and contact is maintained

uniformly by a pointed, spring-loaded plunger. A thin film of
mineral oil is used between the blocks to improve heat transfer. (It
will be seen later that the thermal resistance of this oil film does
not affect the calculation of thermal conductivity.) As the blocks
reach thermal equilibrium, their thermocouple voltages are digitized
in a Data Translation Model 2805 data acquisition board and
recorded in an IBM-PC compatible computer at a rate of approximately eight samples per second.

numbers in this work were as high as 0.6. A correction factor was
calculated and found to result in a correction smaller than the error
in measurement (10-20 percent error for the measurements on
anodic coatings.)
To check the accuracy of this method, thermal conductivities
were determined for several polymers for which thermal conductivity data are available in the literature. A typical plot of external
thermal resistance versus polymer thickness is shown in figure 2 for
poly(vinylidene fluoride). The line in the plot is a least-squares fit
of the four data points, and thermal conductivity is calculated from
equation 5. Results for all the polymers considered are shown with
accepted values for thermal conductivitics?s in table 1. Although
the molecular weight and crystallinity of polymers tend to vary,
and these factors affect thermal conductivity, the agreement in
table I is good. The uncertainty in thermal conductivity indicated
in table I is based on one standard deviation in the linear fit of
thermal resistance versus thickness data as shown in figure 2.

It is necessary in this transient heat-flow method to record
temperature-history data for several small aluminum blocks having
different thicknesses of a given anodized aluminum coating. The
thickness of each coating is measured using an eddy current device,
the accuracy of which was established by measuring coating
thicknesses in microscopic sections of a number of blocks,
Based on the assumptions tlait: heat transfer across the anodized aluminum coating is governed by Fourier's first law of heat
conduction; heat, is transferred to the small aluminum block
through the coating in a Newtonian heating process; and heat loss
from the small aluminum block is negligible, Lee relates the tenperature histories of the blocks to the thermal conductivity of the
anodic coating in the equation
(T-T)
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The anodizations p.formed in the laboratory were carried out
on aluminum coupons as described below. The coupons were anodized on both sides to thicknesses of 10-70 micrometers. The thermal resistance through the thickness of the coupons were measured
as just described. Since the interior of the coupon was aluminum,
there is some lateral thermal conduction in the coupon. A correction is necessary to calculate the thermal conductivity of the coating. Ths was done by measuring the thermal conductivity of a

(1)

polymer sample in both configurations, as single sheets of different
thicknesses as described above and double sheets sandwiching an
aluminum coupon, then calculating an effective area for use in
r'uation 5 when using the sandwich configuration. The effective
area for the apparatus and coupon dimension described here is
AN - 1.54A

where T, is the initial temperature of the copper block; To is the
initial temperature of the aluminum block; T is the temperature or
the aluminum block at any time, t; k is the thermal conductivity of
the anodic coating; A is the contact area between the two blocks; C
is the heat capacity of the aluminum block; and L is the thickness
of the anodic coating.
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is defined as the time when
=-T
- (T,-To)/e,

T
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then, from equation 1, the thermal conductivity of the coating is
CL

W
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r is determined front experimental data by first calculating the tem-
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perature difference between the aluminum and copper blocks as a
function of time and then fitting an exponential function to this
data using a least squares fit. Since tht thernal resistance of the
anodic coating, R, is defined as L/kA, it may also be written as
R

-

L
kA"
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Fig. 2 Thermal
resistance versusfluoride).
sample thickness for a typical
polymer
sample, poly(vinylidene

using equation 3. If experimental values of R are plotted as a function of L, k may be found from the slope of the curve that fits the
data. For a linear fit of the data,

k=1/A,

6-

Table I
Thermal conductivities of selected polymers.

Polymer

(5)

Accepted Value

0.126 - 0.00,1
0.218 :- 0.01
0.193 * 0.01

0.130
0.203
0.218

(WV/m/C)

Poly(vinylidene fluoride)
Cellulose Acetate
Polyester

where in is the slope of the line through the data. Note that this
analysis is still valid when thermal resistances are present for an oil
film, contact resistance, etc. as long as these resistances are constant for all of the aluminum blocks having different values of L.
In other words, an additional constant (unknown) thermal resistance added to values of R will not change the slope of the plot. of
measured thermal resistance versus 1.

Measured Value

(\V/m/K)

Ill. ANODIC COATING PROCEDURr

Equation 4 is valid for Newtonian heating, that is when the
= Rl,,/R,,t, defined along the heat, transfer path
between the two blocks, is small. R1,, and R,,t are the internal and
external thermal resistances of the small aluminum block, Bi

The laboratory anodizations were carried out in a water jacketed beaker with a capacity of 2 liters. A refrigerated laboratory
circulator was used to pump a cooled ethylene glycol solution
through the outer jacketed area in order to maintain the anodiza-

Biot, number, Bi

2

tion solution at a constant temperature. Anodizations were carried
out at temperatures between 0 and 25 degrees with aqueous sulfuric

Table 2
Thermal Conductivities of several commercial anodic coatings.

acid and oxalic acid solutions, using triple deionized water. The

aluminum samples were small coupons of 6061-T6 aluminum alloy
of dimensions 2.54 cm x 2.54 cm x 25 micrometers, Before anodization, the coupons were degresed in acetone, etched for 3 minutes
in an aqueous sodium hydroxide solution (50 gr/L), and desmutted
in 300 ml/L nitric acid solution. Titanium leads (99.5% pure) were
spot-welded to the aluminum coupons. A bar of lead was used as
the cathode. The samples were rinsed for several minutes in deionized water after anodization. After the thermal conductivity measurement the anodized coatings were stripped from the aluminum
base in an aqueous solution (100 mL/l, sulfuric acid, 10 mL/L
hydrofluoric acid) and the thickness of the coating was determined
by measuring the thickness with a micrometer before and after
stripping the coating and taking the difference,

sample
I
2
3
4
5
6

Supplier
Dyanco
Dyanco
Coast Plating
Anadite
Anadite (unsealed)
Sanrord

k (/m/K)
0.61 ± 0.08
0.46 ± 0.07
0.68 :h 0.10
0.70 * 0.08
0.90 * 0.09
1.00 * 0.12

even between batches obtained from the same vendor is the condition of the anodization bath. The electrolyte is used for many anodizations and then is replaced after build up of dissolved aluminum
and other impurities has become excessive. This as well as the initial water purity can be an important factor in the final condition
of the coating. The thermal conductivities of the coatings measured ranged from about 0.5 to 1.0 \V/m/K, The error in measurement was about 10 percent. Thus there is a fairly large variation in
the thermal conductivities of the coatings even though they were

IV.RESULTS AND DISCUSSION
Typical results from tests with thick anodized aluminum coatings are shown in figure 3, again, as external thermal resistance
versus coating thickness. There is much more scatter in this data
than there is in the polymer data. This is due to the fact that the
polymer samples are flexible and give a much more consistent contact resistance for each sample. Different thicknesses of anodic coatings obtaintd commercially were applied on different aluminum
blocks. Scatter in the anodic-coating data is caused by variations
in thermal contact resistance due to small differences in flatness and
surface roughness on the different aluminum blocks. The thickness
of anodic coatings is very uniform, and their presence would not be
expected to significantly change the machined flatness or surface
roughness of the aluminum blocks,

produced with similar processes. It is impossible to determine the
cause of the variations in thermal conductivities, however, because
all the anodization parameters can not be obtained from the yendor, and because precise quality control is not a certainty.

Thermal conductivities dete, mined in this work for anodic coatings from several industrial facilities are shown in table 2. All of the

In order to eliminate some of the uncertaintirs experienced with
commercial vendors and to determine the factors which influence
thermal conductivity of the coatings and the magnitude of the possible changes in thermal conductivity, in house anodizations were
performed. Table III shows the results to date of thermal conductivity measurermients made on samples produced in the laboratory in
sulfuric acid. The average thermal conductivity of the sulfuric acid
coatings is 0.77 W/m/K. This agrees well with the average of the
thermal conductivities of the commercially produced coatings (0.73
\V/m/l(). The coatings produced in the laboratory were all

coatings are sealed with an aqueous sodium dichromate solution
except sample 5. All of these samples were produced with sulfuric
acid-based anodization processes. The concentrations of the aque-

unsealed, while all but one of the commercial coatings were sealed.
The one measurement of sealed and unsealed coatings from the
same commercial vendor suggests that sealing the coating reduces

ous electrolyte solutions were about 7-15 volume percent. Anodizations temperatures were about 0 degrees Celsius. The most impor-

slightly the thermal conductivity of the coating, although more
measurements are necessary in order to confirm this effect.

tant variable between the different commercial processes is the voltage and current waveforms used. This can significantly affect the
properties of the coating and is frequently held proprietary by the
vendor. Sulfuric acid-based anodizes are generally performed at

A large number of acids can be used to produce thick anodic
coatings on aluminum. Sulfuric acid is almost exclusively used in
the United States, because coatings produced with this acid have a

20.100 volts. The Sanford anodize, however, is based on a patented
process which allows thick coatings to be applied at very low voltages (less than 20 volts.) Another variable among vendors and

number of desirable properties. Two of the most important reasons
for the widespread acceptance of sulfuric acid in anodization deectrolytes are; that it is economical to use because it produces coatings at relatively low voltages (low electrical power costs); and the
porosity of the coatings produced in sulfuric acid is such that they

readily absorb dye for decorative purposes. Neither of these factors
are overriding concerns for coatings needed to protect expensive
thermal propulsion systems.

2.0
... 1.5

Oxalic acid can be used in aqueous solution as an alternative to

sulfuric acid to produce anodic coatings. Anodizations in this electrolyte are typically carried out at lower solution concentrations
and at higher voltages than with sulfuric acid solutions. The
anodic reaction starts above 100 volts at 0 C in a 1.0 weight percent solution. Coatings produced in this electrolyte contain lower
percentages of anion impurities (about 3 percent oxalate) than sulfuric acid-based coatings and are thought to be at least as hard and
abrasion resistant as those coatings produced in sulfuric acid,

0

Z
1.0
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Anodic coatings produced in oxalic acid are known to be less porous
than sulfuric- acid based coatings.
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Table IV shows some measurements of thermal conductivities of

THICKNESS (micrometers)

coatings produced in oxalic acid and the corresponding anodization

parameters. With the oxalic acid coatings there is a definite

Fig. 3 Thermal resistance versus sample thickness for a typical
thick anodic coating.

increase in thermal conductivity at lower concentrations. Figure 4
shows a plot of thermal conductivity versus concentration at temperatures from 0.5 K. It is impossible to vary one parameter and

3

Table 3
Thermal conductivities and anodization parameters of anodic
coatings producd in the laboratory vith sulfuric acid.
Temperature
(C)
3
0
1

Concentration
(Volume %)
15
15
7

Current
Density
(Amps/sq. din)
1.94
2.72
1.9.1
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Table 4
Thermal conductivities and anodization parameters of anodie
coatings produced in the laboratory with ovalic acid.
Thermal
Current
Cond,,ctivity
Density
Concentration
Temperature
(W/m/K)
(Weight %)
(Amps/sq. din)
(C)
0.63
0.78
1.0
0.0
0.79
1.93
15
5.0
0.86
1.93
3
2.
1.30
1.0
1.93
3
1.33
5 _0
2.71
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V, CONCIUSIONS
The thermal conductivity of typical commercial hard anodic
coatings is about 0.7 \V/m/K. The thermal conductivity of thick
anodic coatings produced in an oxalic acid electrolyte is almost
twice (1.3 W/m/iC) that of sulfuric acid-based coatings. Other
electrolytes or combinations of electrolytes can also be used to produce thick anodic coatings and the thermal conductivity of some of
these will likely be greater titan those systems measured to date.
These measurements were performed on 6061-TG aluminum alloy
because it was desired to produce results with an alloy commonly
used in structural applicationh. Once the compositional and inorphological changes are identified which are responsible for the
increased thermal conductivity and the anodization parameters are
also identified which are responsible for these changes, then it
should be possible to design an anodization process which produces
coatings with significantly enhanced thermal conductivity.
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