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Abstract

Thermal behavior of black anodic coatings on magnesium alloy, AZ31B and magnesium lithium alloy, MLA 9 has been

investigated. The chemical nature of coating is characterized by infrared spectral studies. The thermoanalytical investigations

have been carried out using thermogravimetry (TG), derivative thermogravimetry (DTG), and differential scanning

calorimetry (DSC). The decomposition proceeds through three steps viz., dehydration, decomposition of chromium hydroxide

and sulphate and decomposition of magnesium chromate to oxide. Measurement of hemispherical emittance of coatings verses

temperature was investigated using calorimetric methods. The studies revealed that the thermal emittance of coatings increases

with temperature. # 2001 Elsevier Science B.V. All rights reserved.

Keywords: Thermoanalytical behavior; Anodic coatings; Magnesium alloys; Thermal emittance; Space applications

1. Introduction

Magnesium is characterized by low density and

high reactivity. Magnesium alloys are the lowest

density engineering alloys used in a wide range of

applications. These alloys are the promising candi-

dates in aerospace and allied fields primarily to save

the fuel cost. Attempts have been made for addition of

various alloying elements to magnesium so as to

produce alloys of high strength, high creep resistance

and low density.

Magnesium–lithium alloys are the lightest struc-

tural metallic alloys known today. Addition of lithium

with a relative density of 0.53, in magnesium reduces

the density of alloy significantly. Furthermore, addi-

tion of �11% lithium converts hexagonal close

packed structure of pure magnesium to the body

centered cubic lattice, markedly improving formabil-

ity of the alloy [1]. The binary magnesium–lithium

alloys, though light and ductile are not strong. Addi-

tion of aluminum results in considerable improvement

in strength, primarily due to the formation of Mg Li2
Al metastable phase [2–4]. Magnesium–lithium alloy,

MLA 9, containing 11–13% Li, 1.25–1.75% Al, and

balanced Mg wt.%, is developed at Defence Metal-

lurgical Research Laboratory (DMRL), Hyderabad,

India. These alloys are 25% lighter than conventional

magnesium alloys (density �1.35 g/cm3) resulting

into a considerable weight saving.

Chemical conversion coatings, viz, anodizing, chro-

mating, etc. are often employed as an ideal means of

improving one or more surface properties, chemical,

mechanical, electrical or optical. These are used to
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prevent atmospheric corrosion, to increase microhard-

ness and reducing friction on sliding surfaces; to

provide better adhesion for paints, lubricants and

adhesives; to impart thermal/electrical resistance; as

a solid film lubricant to prevent cold welding in space

conditions and to provide adequate optical surface for

thermal control applications [5].

The black anodic coatings on magnesium alloys

have been developed for thermal control of spacecraft

and related applications. These coatings are used on

the electronic housing of spacecraft to improve radia-

tive coupling. In spacecraft some of the electronic

packages, which are in operation, generate enormous

heat while others, which are not in operation, face the

cold deep space. This generates a high degree of

temperature gradient across the internal packages of

spacecraft. The flat absorber black anodic coating with

high absorptance and thermal emittance helps in

minimizing temperature gradient across the packages

by improving their heat radiation characteristics as per

the following equation [6].

SAPa ¼ seAT4

or

T ¼ SAPa
sAe

� �1=4

where S is the solar constant (mean value 1353 W/m2);

AP the projected surface area of the spacecraft (m2)

perpendicular to the sun rays; a the solar absorptance

of the projected area; s the Stefan–Bolzman constant

(5:67 � 10�12 W/cm2 k4); A the total surface area of

the spacecraft (m2); e the infrared emittance of the

surface of exposed area; and T is the absolute tem-

perature of the spacecraft.

As S, AP, s, and A are constants in this relationship,

it clearly shows that the temperature of any given area

of spacecraft is directly controlled by the a/E ratio.

Here, the term ‘absorptance’ refers to all solar radia-

tion (X-ray, ultraviolet, visible, infrared, radio fre-

quency, etc.), whereas the term ‘emittance’ is

restricted to infrared range because thermal radiations

occur mainly in the infrared region.

The coatings used in space technology require

higher standards and better control than used for

ground applications since space conditions are very

severe and on-orbit spacecraft is not approachable for

repair.

2. Experimental

2.1. Anodizing process

Galvanic black anodizing on magnesium alloy,

AZ31B (Al 3.0%, Zn 2.0%, balance Mg wt.%) and

magnesium–lithium alloy, MLA 9 (Li 11.9%, Al

1.5%, balance Mg wt.%) was carried out by the

methods described in our previous publications

[7,8]. A brief description of these procedures is given

below.

2.2. A. Magnesium alloy, AZ31B

1. Ultrasonic solvent degreasing in isopropanol for

5–10 min.

2. Alkaline cleaning for 5–10 min in a solution

containing 50 g/dm3 sodium hydroxide and 10 g/

dm3 trisodium orthophosphate, operating at

60 � 58C. Water rinse.

3. Acid pickling in 180 g/dm3 chromium trioxide,

40 g/dm3 ferric nitrate and 3.75 g/dm3 potassium

fluoride for 2 min. Water rinse.

4. Black anodizing in a solution formulated and

operated as follows: Potassium dichromate, 25 g/

dm3; ammonium sulfate, 25 g/dm3; pH 5.8;

temperature, 25 � 28C; cathode, stainless steel

anodizing tank; anode to cathode ratio, 1:10;

anodizing time, 30 min, for the standard coating

thickness of 5–8 mm. Water rinse.

5. Heat treatment at 708C for 2 h.

2.3. B. Magnesium–lithium alloy, MLA 9

1. Step 1 and 2 are same as described for magne-

sium alloy, AZ31B.

2. Acid pickling in 500 g/dm3 chromium trioxide,

1 g/dm3 ferric nitrate and 0.5–1 g/dm3 potassium

fluoride for 3–5 min. Water rinse.

3. Fluoride activation by dipping the specimen in

hydrofluoric acid (40%) 50 ml/dm3 for 10 min,

followed by water rinsing.

4. Black anodizing in a solution composed and

operated as follows: Potassium dichromate, 25 g/

dm3; ammonium sulfate, 25 g/dm3; pH 5.5;

temperature, 25 � 28C; cathode, stainless steel

anodizing tank; anode to cathode ratio, 1:10;

anodizing time, 60 min; for the standard coating

thickness of 14 to 18 mm. Water rinse.
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5. Heat treatment at 708C for 2 h.

Isolation of Black Anodic Coatings from the sub-

strate for chemical and thermoanalytical analysis was

carried out by gently scraping the film from the

substrate using a sharp scalpel. While scraping the

film care was taken that no substrate material should

get scraped along with the coating.

2.4. Measurement techniques

The thickness of the anodic coating was measured

using Isoscope MP 2B-T3 3B, Helmut Fischer (Ger-

many), coating thickness tester. This instrument works

on the eddy current principle and is used to measure

the thickness of non-conductive coatings on a con-

ductive substrate.

The chemical nature of coating was determined by

using infrared spectroscopy. IR spectra were recorded

on FTIR Spectrometer (Nicolet Model IMPACT 400

D) using KBr pellets in the wave number region of

4000–400 cm�1.

The thermal stability of the anodic coating was

investigated by using Dupont 951 thermogravimetric

analyzer to record thermogravimetric (TG) and deri-

vative thermogravimetry (DTG) curves and Dupont

910 differential scanning calorimetry (DSC) systems

to record DSC curves. The thermoanalytical curves

were recorded in argon atmosphere with a gas flow

rate of 40 cm3/s and a sample heating rate of 108C/

min. TG and DTG curves were recorded for 19.4 mg

samples simultaneously up to 10008C. DSC data for

15.9 mg samples were limited to a temperature of

5008C, due to limited temperature capability of the

instrument.

3. Results and discussion

3.1. Infrared spectra

The assignment of IR bands has been made on the

basis of published data [9–11]. The spectra of galvanic

black anodic film on magnesium alloys, AZ31B and

magnesium–lithium, MLA 9 are shown in Figs. 1 and

2. Strong bands associated with OH stretching vibra-

tions of water and hydroxyl groups occur between

3200 and 3700 cm�1. Water of hydration is easily

distinguished from hydroxyl groups by the presence of

H–O–H bending motion, which produces a medium

band in the region 1600–1650 cm�1 [9]. The appear-

ance of IR absorption bands in Figs. 1 and 2 at

�3435 cm�1 are associated with OH stretching vibra-

tions of water of hydration. The bands at 1631 cm�1 in

Fig. 1 and 1646 cm�1 in Fig. 2 show the H–O–H

bending motion, which confirms the presence of

chromium hydroxide.

Absorption bands at �1100 cm�1 accompanied by

a considerably weaker band at �670 cm�1 are asso-

ciated with chromium sulphate [10]. The doublet

occurred at 917 and 802 in Fig. 1 and the single peak

at 870 cm�1 appeared in Fig. 2 reveal the presence of

magnesium chromate [11].

The bands at lower frequencies �530, �470 cm�1

are assigned to the stretching frequencies of M–O

bonds, indicating the presence of chromium and

magnesium oxides.

3.2. Hemispherical emittance

Measurements of total hemispherical emittance

have been made using calorimetric method [12]. This

consists of measurement of the power-input para-

meters and temperatures of sample and the shroud.

Using these data, emittance of the black anodized

surface under steady state conditions were calculated

using following energy balance equation

e ¼ p

sAðTS
4 � TO

4Þ

where e is the total hemispherical emittance, P the-

power, Heat input to the sample (watts), s the Stefan–

Boltzmann constant (5:67 � 10�12 W/cm2 K4), A the

area of the sample (cm2), TS the temperature of sample

(K) and T0 is the temperature of shroud (K).

The measurements were made in a stainless steel

double walled test chamber. The inner wall (shroud) is

isolated from the outer wall with the Teflon spacers.

The inside wall of the chamber that receives the

radiation from test specimen is coated with black

paint for maximizing the thermal coupling. This

chamber is connected to a vacuum system to maintain

the pressure inside the chamber at the level of

76 � 10�7 mbar. The measurements were carried

out on a specially designed cup type sample made

of two circular discs of 75 mm diameter with the
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guiding grooves. Both the outside circular faces and

edge of the sample were black anodized. The standard

circular thermofoil heater was sandwiched between

these two discs. Four copper-constantan thermocou-

ples were mounted on the sample to monitor the

sample temperature. The hemispherical emittance of

black anodized samples of magnesium and magne-

sium–lithium alloys with temperature after error cor-

rection with reference to infrared Emissometer

readings is shown in Fig. 3. The hemispherical emit-

tance of both the coatings increases with temperature.

3.3. Thermogravimetric analysis

Figs. 4 and 5 show the TG, DTG and DSC data

of black anodic oxide coatings on magnesium and

magnesium–lithium alloys, respectively. These ther-

moanalytical curves reveal three major changes that

occur when black anodic oxide coatings are heated:

(1) dehydration, (2) decomposition of chromium

hydroxide and sulphate, and (3) decomposition of

magnesium chromate.

3.3.1. Dehydration

Dehydration of both the anodic coatings on mag-

nesium as well as magnesium–lithium alloys starts at

�508C and continues until �2668C. The correspond-

ing DTG peak of dehydration is obtained at 978C for

magnesium alloy, AZ31B. While for the coating on

magnesium–lithium alloy, MLA 9, this change is

represented by a dual peak at 87 and 2238C. The

dehydration step in the DSC curves is represented as

Fig. 1. Infrared spectra of anodic coating of magnesium alloy, AZ31B.
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an endothermic peak [13] at 1308C for coatings on

both the alloys AZ31B and on MLA 9.

3.3.2. Decomposition of chromium hydroxide and

sulphate

The second stage decomposition representing the

decomposition of chromium hydroxide and sulphate

along with the loss of remaining water contents is

observed between 266–3898C for magnesium alloy,

AZ31B and 310–4468C for magnesium–lithium alloy,

MLA 9. The corresponding DTG peaks are obtained at

309 and 3478C for coatings on AZ31B and MLA 9,

respectively. This change is represented by DSC as an

endothermic peak at around 1308C (for AZ31B) and

3418C (for MLA 9). The total weight loss in first and

second stage decomposition is around 30 and 23.8% for

non-heat treated and heat treated coatings, respectively

in case of magnesium alloy, AZ31B. In the case MLA 9

it is around 25.8 and 25.2% for non-heat treated and

heat-treated coatings, respectively.

3.3.3. Decomposition of magnesium chromate

The third step decomposition is the decomposition

of magnesium chromate to oxide. The decomposition

starts around 4438C and continues up to 6378C for

coatings on AZ31B. This decomposition is repre-

sented between 446 and 6948C for coatings on

MLA 9. The Corresponding DTG peaks are obtained

at 560 and 6268C for coatings on AZ31B and MLA 9,

respectively. A total mass loss of about 35.5 and

26.9% is observed up to this temperature for non-heat

treated and heat-treated coatings, respectively, for

coatings on AZ31B and 34.0 and 25.8% for coatings

on MLA 9.

Fig. 2. Infrared spectra of anodic coating of magnesium–lithium alloy, MLA 9.
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Fig. 3. Infrared emittance of anodic coating vs. temperature.

Table 1

Thermoanalytical data of anodic oxide films

Decomposition steps Magnesium alloy, AZ31B Magnesium–lithium alloy, MLA 9

Without heat treatment Heat treated Without heat treatment Heat treated

1. Dehydration

Decomposition range (8C) 50–266 50–266 50–310 50–310

Weight loss (%) 23 19 17.6 16.4

DTG, peak temp. (8C) 97 121 87 81

DSC, peak temp. (8C) 130 142 130 127

Heat of reaction (J/g) 549 263 692 639

2. Decomposition of chromium hydroxide and sulphate

Decomposition range (8C) 266–389 266–395 310–446 310–446

Weight loss (%) 7.0 4.8 8.2 8.8

DTG, peak temp. (8C) 309 331 223, 347 223, 360

DSC, peak temp. (8C) 347 353 341 341

Heat of reaction (J/g) 265 189 770 602

3. Decomposition of magnesium chromates

Decomposition range (8C) 443–637 466–661 446–694 446–684

Weight loss (%) 5.5 3.1 8.2 0.6

DTG, peak temp. (8C) 560 560 626 614

Total weight loss (%) 35.5 26.9 34.0 25.8
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Beyond 6378C (for AZ31B) and beyond 6948C (for

MLA 9) and up to 10008C, there is no other thermal

event and the coatings are thermally stable without any

weight loss.

The heats of reaction for different decomposition

stages of anodic film were calculated from the DSC

curves using the expression H ¼ KA/m, where H is the

heat of reaction, K is the calibration constant, A is the

area under peak and m is the mass of the sample.

At the peak temperature of 1308C, the heats of

reaction for the dehydration of oxide coating on

AZ31B alloy were 549 J/g for non heat treated coating

and 263 J/g, for heat treated coating. While at the peak

temperature of 3478C, the heats of reaction represent-

ing the decomposition of chromium hydroxide and

sulphate along with the loss of remaining water were

265 J/g for non-heat treated and 189 J/g for heat

treated coatings, respectively.

For anodic coating on magnesium–lithium alloy,

MLA 9, the heats of reaction at the peak temperature

of 1308C (representing dehydration) were 692 J/g for

non-heat treated coating and 639 J/g for heat-treated

coating. While at the peak temperature of 3418C,

(representing decomposition of chromium hydroxide

and sulphate), the heats of reaction were 770 J/g for

non-heat treated and 602 J/g for heat-treated coatings,

respectively.

The thermo-analytical data of black anodic oxide

coatings on magnesium alloy, AZ31B and magne-

sium–lithium alloy, MLA 9 is presented in Table 1.

Fig. 4. Thermoanalytical curves of anodic coating of magnesium alloy, AZ31B; the dotted curves are for heat treated coatings (708C for 2 h).
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These anodic oxide coatings on magnesium are very

soft (gel type) when formed. After drying and heat

treatment they loose some water of hydration and

attain sufficient hardness. Because of difference in

the percentage of water of hydration in as anodized

(non heat treated) and heat treated coatings the values

of their heats of reaction are different.

The anodic oxide coatings on magnesium alloys

described herein are conversion coatings. The chemi-

cal composition of coating changes as the coating

thickness increases. Initially the coating has smooth

fine grain morphology while at higher thickness it is

somewhat rough and powdery. The powdery coating

has less percentage of water of hydration.

On magnesium alloy, AZ31B which is comparatively

less prone for atmospheric corrosion, an anodic coating

thickness of 5–8 mm is sufficient. While for a highly

reactive magnesium–lithium alloy, MLA 9 a coating

thickness of 14–18 mm is required for adequate corro-

sion protection. This explains the marked difference in

the heats of reaction of as anodized and heat treated

anodic oxide film on AZ31B alloy (less coating thick-

ness, more difference in the percentage of water of

hydration of as anodized and heat treated anodic film).

Fig. 5. Thermoanalytical curves of anodic coating of magnesium–lithium alloy, MLA 9; the dotted curves are for heat treated coatings (708C
for 2 h).
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4. Conclusions

Thermal behavior of black anodic oxide coatings on

magnesium alloy, AZ31B and magnesium–lithium

alloy, MLA 9 has been investigated. Infrared spectral

studies reveal that these coatings consist of chromium

hydroxide, chromium sulphate, magnesium chromate

and water of hydration.

The black anodic coatings provide high emittance

(>0.80), indicating their extreme suitability for ther-

mal control applications. Studies on measurement of

hemispherical emittance of coatings verses tempera-

ture reveal that the emittance of coating increases with

temperature.

Thermoanalytical studies (TG, DTG and DSC)

show that the decomposition of coating proceeds

through three steps, the first is dehydration, the second

steps involves the decomposition of chromium hydro-

xide and sulphate and in the last step magnesium

chromate is decomposed to oxide.
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