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ABSTRACT

Aluminum-magnesium alloy has been anodized using chromic acid a5 an clectrolyvte. The effect of
voltage in the range of 15-60V, electrolvie concentration in the range of 20-110 g/, electrolyte
temperature in the range of 30-60 °C and time of exposure in the range 25-85 minutes on the
coating weight of the anodic film are studied. The experimental data was fitted in terms of the
coaling weight and the coefficients of third order polynomial are estimated, Optimum conditions of
the studied vanables are predicted and found equal to 32V, &5 g/, 50 °C and 70 minutes.
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INTRODUCTION

The maimn processes in use for the anodizang of aluminum employ solutions of sulfuric acid, chromic
acid or a mixture of sulfuric acid and oxalic scid as clectrolytes. (Mher processes have been used in
specilic applications. The chromic acid process is used where a high resistance to corrosion is
required with a minimum loss of metal section. They are also used where an enamel-like decorative
finish i required and for the detection of flaws in castings and for the treatment of riveted and other
assembled parts (Canning, 1970; Al Anodizing Council 20017,

The chromic acid anodizing process for comrosion protection of structural aluminum allovs was
invented amd subscquently patented by Bengough and Stuart in 1923, Their process utilized a
complex voltage control procedurs for time intervals apphcd o aluminum alloys in a 3-5% by
weight chromic acid aqueous solution operated at 38-42 "C, the voltage is increased in steps [tom 0
tor /50 volis (Henley, 1982). In 1937, Robert W. Buzzard at the National Bureau of Standards
tound that by increasizg the chromic acid concentration o 10% by weight, the complicated voltage
variance cycle could be eliminated and the process time decreased (10% chromic acid process).
Their process operated al a temperature of 55 "C and 30 volts {Canning, 1970).
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The unﬂ-&na! chromic acid anedizing process invented and subsequently patented by Turns and
Forrester in 1981, This invention provide a universally acceptable chromic acid anodizing process
that could be employed for all of the aluminum alloy parts that were 1o be anodized. A universal
process mvolves & 3-20%%6 by weight chromic acid. In general the optimum conditions obtained
were: 20V, 40 °C and 45 minutes. It should be noted that an applied voltage value of 20V was due
to the lact that the alloys used have a relatively l'ugh content of total alloying clement (7.5%).
Sulfuric acid mudmng requires 600 mg/ft° (64.6 megdm®) to provide corrosion resistance
equivalent to 200 mg/ft’ (21.5 mwdm®) for chromic acid anodizing as stated in Mil-A-8625
(Defence Dept. USA, 1993), Unlike the sulfuric acid process, in the chromic acid anodizing, any
electrolyte remaining after inadequate washing, or due to seepupe from flaws in the metal, will
leave an easily detected yellow stain. For this reason this process is mandatory for anodiced items
which will be in contact with explosives, propellants or pyrotechnics and is preferred for anodized
iterns which are to remain in close proximily 1o explosives, propellants or pyrolechnics (Ministry OF
Defence UK, 1997) .

In this investigation the coating weight of anodic film of aluminum-magnesium alloy in chromic
acid anedizing process was studied. The effect of the operuting conditions on the coating weight
were also shadied and optimized.

EXPERIMENTAL WORK

The specimens used for this study were aluminum-magnesium alloy cut into a dimension of (12 % 1

x .24) em. The analysis of aluminum-magnesium alloy by weight percent as follows: aluminum
8%, copper 0.023%, zine 0.45%, magnesium 1.51%, lead 0.002% and silicon 0.015%.

The variables stodied were: voltage, temperature, acid concentralion and time. The first three
variables were studied by factorial method and the last variable was studied at the best conditions of
the first three. Their amrangement is shown is us shown bellow.

The range of the operating conditions studied were as follow:

Xy = Voltage (V) 15-60V
Xz = Acid concentration (Ca) 20-110 g/1
X3= Temperature (T) 30-60°C
X =Time (1) 253-E5 min.
The relationships between the coded levels and the corresponding real vardables as follows:
X AT 5)
Xy = — (1)
: 22.5
P )
ol = (2)
1 X' ] _15]
'ri sl ‘: - P {3}
' 13
24X ; —33)
X,y =X e =33) 4
30
Procedure

1- Pretreaument: Prior to anodizing the specimen was treated with the following processes:

¢ -Chemical Cleaning: Chl, grease and  general dirt were properly removed  with
trichlorocthylene at 25 °C. Grease tends to float on surface, which was removed later by
filtration, After this stage the specimen rinsed in running water then by distilled waler (o remove
the excess trichloroethylene on the specimen (Ministry of Defence UK. 19953,

+ -Stripping Anodic Coating: Defective anodic coatings cannot conveniently be louched up;
stripping and re-anodizing arc necessary. Anodic coaling was stripped in a solution containing
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phosphoric acid (3.5 vol.%) and chromic acid (2.0 wt.%) at 99 °C and for 10 min., afier this
slage the specimen rinsed in running water then by distilled water to remove the excess solution
on the specimen (Ministry of Defence UK 1997).

= -Eiching: 3% by weight sodium hydroxide solution was used with an operating temperature of
40-50 °C. The specimen was placed in the etehing solution for a period of 5 min., after this stage
the specimen rinsed in runnming water then by distilled waler lo remove the excess sodium
hvdroxide on the specimen { Alubook-1.exical, 2002},

* -Lesmuiing. The specimen was treated in solution contain (30 vol, %) nitric acid and (5 vol®a)
hydrofluoric acid for about § min. at 25 °C to remove the black layer that formed on the surface
and to activate the surface for the anodizing afterward the specimen was rinsed with running
water followed by distilled water, dried by means of air (Ministry of Defence, UK, 1995).

Z- Anodizing: A schemalic representation of the experimental apparatus is shown in Fig. (1).
Two direct current power supplies connected in series were incorporated with the anodizing
cell to supply the electrodes a maximum current of SA and a voltage of 60V, The anodizing cell
{onc liter capacity) was placed on a magnetic stirrer heater to heat the electrolyte solution and
maintains good mixing of the solution to prevent temperature lavering in the anodizing cell. A
thermostat was connected with power supply heater to control the \emperature desired for the
solution throughout anodizing time. The aluminum specimen was connected (o the positive
terminal where it becomes anode, while the stainless steel article was connected to the negative
terminal to be the cathode. The two electrodes were held by means of jigs and PVC ruck, such
only 23 em’ of each electrodes surface was immersed. The ammeler and voltmeter were
connecled to the electric circuil, to measure the current and voltage for the circuil during the
DIOCESS.

(10
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(1) Magnetic stirrer heater,
(2} Anodizing cell.
(31 Anode.

{4} Thermometer,

{5) Cathode,

(6) magnetic bar.

{7} Thermostat.

(B) Ammeter.

() IMC power supply.

(L YVolimeter. 7 .
£ 3

Fig. (1) Schematic diagram for the whole assembly of experimental work,

(1)
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3« dealing: The final stage is the sealing process where the specimen was immersed in a one liter
solution containing 100 g of potassium dichromate and 18 g of sodium carbonate in distilled
water. The solution was kept al temperature 99 °C. The immersion time was 10 min. and the pH
of solution was maintained between 6.3-7.4 by the addition of chromic acid or sodium hydroxide
{Ministry of Defence UK, 1997}

DISCUSSIONS
A third order polynomial equation is employed for the three variables (voltage™X,”, acid
concentrativn"X," and temperature"X:"). The coating weight is represented by the response Y of
the model equation to be constructed. The gencral form of third order polynomial is written as
follows:
Yoo vo Xi+a, X, +a X +0, X+ o, X va, X va X, X, va, X, X, 0 a,

X, X, +a, X +a X +a, X +a. X X X va, X X +a, X X 4a,

Xlxl:.-'-ﬂlTX?X'lz +":'ru-x1-']|:r11+“|u-'rjrjz {3}
The coelbcients of equation (5) can be determined by Quasi-Newton method using software
program "STATISTICA, Version 53",
The litted response of the equation (5) 15:
F=2T3.555 8804 X, +45X, +32.167 X, -6923 X +0.21 1(" ~B.901 X'

~3A54 X X v 265X, K, 283K, X, 40 T5T XY S 0454 XD 240

Xy =076X X, X, +0.M9X, X +041X X -0.0544, X! 0223 X,

Xl-055 X, X 02001 %, X} (6
The analysis of variance (F-test) is used [or (esting (he significance of each effect in cquation (&),
The significance of cffects may be estimated by comparing the value of the ratio a2/
{slandard errors)2 with critical value Foes(1, 44) = 4.06 of the F-distribution al 95% level of
confidence with | und 44 degree of frecdom. If the ratio a*/(standard errors)® > 4.06 then the effect
15 sigmificant. The new response function is then wrillen as follows:
Y=2T31555-8.874X, +4.5.X, +32167X, ~6.923X7 ~R90 1Y 3454 X, A,

+2615%, X, -283 X, X, +0.757X) - 240LY) ~0.76X, X, X,~0.554%,.%
(N
Employing equations (1, 2 and 3} to conver! the coded values to real values as follows:
W, 995443875V —0.2362F° +0.0018/" +0.57C, 844427 422377

—0.019208T 7 +0.0134T C, + 03056 F T+ 0030, ¥ —0.00137C, ¥ T
— (0001991 T (&}

It is important to find the optimum conditions for the operating variables, Taking the first derivative
of cquation {8) for the response We with respect to each variable and equaling 1o zero as follow:
aw.. %
ar
o ; ;
=057+ 001347 4 003 F =001 37F T =0 (1
'I:{Ir“
g,

e

L
solving these three equations, it is found that the valucs were:

=3.875—04724F + 0.0054 1% + 03056 T+ 0.03C , —GOHITC, T-0.00398F =0 (9)

=—84.442+ 4.474T - 00576 T +0.01 34 C, =03056F 000137C , F =099 K =0 (1
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A third order polynomial equation is employed for the time variable {X4) at best operating
conditions, '
The coating weight is represented by the response Y of the mathematical model to be constructed.
The general form of third order polynomial is written as follows:

Y=hob X, +b, X]+b X} {12)

The fitted response of equation (12} is:

F=336086+28.8X, -11.893 X +095 X%} 1137
Employing equation (4) 1o convert the coded value 1o real value as follow:

W.=23.84+10.2897-0.0993 1% + 0.0002815¢° {14}

Teking the first derivative of equation (14) for the response W with respect 10 1 and
equating to 7ero as follows:
T
r?=lﬂiﬂﬂ 01986 ~84.45%107 7 =0 (15)
Solving this equation, it is found that the value was: 7= 7 /i
T'he statistical snalysis of the response function showed that the temperaturc is the factor which has
the largest effect on the coating weight, since its coefficient in eguation {6} is greater than the
cocfficients of the other variables. Figs. (2 and 3) show the effect of temperature on the coaling
weight at different voltages and acid concentrations respectively.
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Fig. {2) Effect of temperature on coating weight at different voltages
{Ca= 65 g/l, t= 55min.).

Examining these figures one can see that the coating weight or thickness of anodie lilm increased as
the temperature increased in the range between 30-50 "C. But the coating weight decreased as the
lemperature increased from 50 "C 10 60 "C.
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Fig. (3) Effcct of temperature on coating weight at different acid concentrations
(V= 375V, = 55min.).

This behavior is due to the ¢ffect of increasing temperature on coating weight by two inverse ways,
The first way, when the temperature increased, the current density increased therefore the formation
raie of anodic coating increased, this behavior is in agreement with Arhenious theory. On the other
hand further increase in temperature results in the increuse of the dissolution rate of anodic coating
mereased.

From Fig. (2), it is clear that, increasing the temperature from 30 °C to 50 °C gave an increase in the
formation rate of anodic coating larger than (he increase in the dissolution rate of anodic coating
therefore the positive net from these two factors represented by the increase in the coaling weight.
On the contrary, increasing the temperature up 1o 60 "C gave a negative net epresented by the
decrease in the coating weight.

Figs. (4 and 5) show the effect of voltage on the coating weight at different temperatures and acid
concentralions respectively.

Examining these figures one can see that the coating weight increased as the voltage increased from
13V 1o 30V. Moreover the coating weight decreased a5 the voltage increased from 45V and higher,
Fig. {4) shows that the gradient in the coating weight was increased as temperature decreased, when
mereasing the voltage above 30V,

From Fig. (5) it can be seen that at low voltage with high acid concentration a good result For
coating weight, Beside that the same result can be achieved ar high voltage with low acid
concentration.  This behavior is consistent with operation conditions of known processes
(Bengough Stuart process using acid concentration 50 g/1 and 40/50 V, 10% chromic acid process
using acid concentration 100 g/1 a1 30V,

Figs. (6, 7) show the effect of acid concentration on the coating weight at difTerent lemperatures,
voltages respectively. Fig. (6) shows that the coating weight increased as the acid concentration
inereased for low temperature (30-40 °C), and a large rising is achieved as temperature decreases in
this range. On the contrary the coating weight decreased as acid concentration increased lor high
temperature (50-60 "C} and large gradient is achieved as temperature increases in this range. From
Fig. (3), it 15 clear that the reflection point of this behavior occur at 45 "C,
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Fig. (4) Effect of voltage on coating weight at different temperatures
U:;a'= 63 g/l t= 55 min.).
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FFig. {3) Effect of voltage on coating weight at different acid concentralions
(T=45"C, 1= 55 min.).
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Fig. (7) shows that the coating weight increased as the acid concentration increased for low vollage
{15-30V) and a Jarge rising can be achieved as voltage devreases in this range. Farther more the
couting weight decreased as acid concentration inereascd for high voltage (45-60V) and a large
gradient can be uchieved as voltage increases in this range. From Fig, (5), it can be noted that the
reflection point of this behavior ovcurs at 37.5V.
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Fig. {7 Effect of acid concentration on coating weight at different voltages (1" 45 °C, 1= 55 min.).

Fig. (8) shows the effect of time on the coating weight al optimum operating conditions
{32V, 85 g/l, 50 °C).

Examining this figure one can see thal the coating weight increased as the time increased in the
range between 25-70 min. Moreover increasing the time of anodizing more than 70 min. had no
significent effect. In this case the formation rate of anedic coating fs equal to the dissolution rate of
the anodic coating. Thus the time 70 min. is taken as the recommended optimum time.
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Fig. (8) Effect of ime on coating weight (C.~ 85 g/l, V=32V, T= 50°C).

While, the mathematical optimum time is equal to 77 minutes, This time value is obtained due to
that a small change in coating weight between 70 and 85 min. gave a maximum point at 77 min.

CONCLUSIONS
A third order polynomial of the ohjective function ( coating weight gave adeguale description of
the process m terms of temperature, acid concentration and applicd voltage (equation § . While

equation 14 describe the process variation with tme al optimum valves of temperature,
concentration and voltage. And these are given below.
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It was, also, found that the recommended operating conditions for anodizing aluminum alloy by
chromic acid process were:

a- Temperature: 30 °C.

b-  Voltage: 32V,

¢-  Acid concentration: 83 /1,

d- Time: 70 min, (during the first ten minutes the voltage gradually raised al a rate of 3.2V/min.).
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