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Abstract 
The caustic etching behaviour of the automotive AA6111 alloy with different aging 
conditions that simulate the various levels of heat input within the heat affected zone 
during the welding heating cycles has been investigated. The alloy dissolution rate 
was found to substantially increase with the pre-aging temperature, which enhances 
precipitation of the cathodic Q-phase and results in depletion of the alloy solid solu-
tion in magnesium and silicon. On the other hand, enhancing the kinetics of pre-
cipitation at high temperatures induces a more uniform distribution the Q-phase 
precipitates, which minimizes the potential difference between the interiors and 
boundaries of the adjacent grains. This was observed to reduce the severity of the 
surface topography developed by subsequent caustic etching surface pre-treatment. 
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1. Introduction 

In the automotive industry, chemical surface pre-treatment of the aluminium alloy 
body panels in hot caustic soda solutions is one of the most critical steps in the coating 
application process [1]. In addition to the improvement in adhesion of the organic 
coating, alkaline etching is also known to be very effective in removing the sub-surface, 
disturbed layers introduced during cold and hot rolling of the aluminium alloys, which 
may alter their surface corrosion properties [2] [3] [4] [5] [6]. Further, as a part of the 
multistep chemical pre-treatment, desmutting in dilute acidic solutions is commonly 
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used to remove the black smut, intermetallics, insoluble oxides and residual solutes left 
on surface by alkaline etching [2]-[7]. 

For unalloyed aluminum, after dissolution of the air-formed film during alkaline 
etching, the etching rate of the aluminum substrate is dependent on the dissolution and 
growth rate of a thin residual alumina film formed at the aluminum surface. This proc-
ess involves migration of the Al3+ cations to the alumina film/solution interface, ejec-
tion of Al3+ ions to the solution and migration of the O2− ions to alloy/film interface [8]. 
However, the dissolution behaviour of aluminum in hot alkaline solutions can be sig-
nificantly affected by the presence, type and distribution of alloying elements. For ex-
ample, caustic etching of magnesium-containing aluminum alloys is known to enrich 
their outer alumina film with magnesium [9] [10], which is related to the faster migra-
tion of the magnesium species relative to that of Al3+ ions and to the higher stability of 
the magnesium oxides/hydroxides in strong alkaline environments . This phenomenon 
is reported to reduce the dissolution rate of the underlying aluminum substrates [11] 
[12]. Previous studies have also shown that the caustic etching rate decrease with the 
silicon contents [8], and significantly increase with the copper contents [13] of the alu-
minum alloys. 

Further, the behaviour of aluminum alloys in hot alkaline solutions is also known to 
be strongly dependent on the chemical composition, electrochemical activity, density 
and distribution of the various aging phases and intermetallic particles [5] [8]. There-
fore, the dissolution rate and surface topography developed after alkaline treatment are 
expected to significantly vary with the aging condition of the automotive, heat treatable 
aluminum alloys. Such variation can be more significant in the vicinity of the welding 
joints, where the heat-affected zone of the heat-treatable aluminum alloys normally 
consists of several regions with various microstructural, mechanical and electrochemi-
cal properties. 

In the present study, the influence of heat treatment on the caustic etching behaviour 
of the AA6111 alloy, which is one of the most promising Al-Mg-Si-Cu automotive al-
loys for outer panel applications in Europe and North America, is investigated. The in-
vestigation was undertaken first by performing laboratory heat treatments of the AA6111 
alloy at different aging temperatures that simulate the various levels of heat input within 
the heat affected zone during the welding heating cycles. The caustic etching behaviour 
of the AA6111 alloy at different aging conditions was then investigated.  

2. Experimental 

The material investigated in this study was a commercial AA6111-T4P automotive al-
loy, with the chemical composition listed in Table 1. The alloy was provided in the 
form of 0.9 mm thick cold rolled sheet, which had been pre-aged at 85˚C for 5 hours 
and then stored at room temperature for more than three years. In order to study the 
influence of prolonged natural aging on the caustic etching behaviour of the AA6111- 
T4P alloy, two sets of samples were prepared. Samples of the first set were left in the 
as-received condition (T4P + 3 years storage, hereafter referred to as T4PNA), where as  
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Table 1. The composition (wt%) of the AA6111 alloy. 

Si Mg Cu Fe Mn Ti Al 

0.60 0.70 0.71 0.24 0.22 0.06 Bal. 

 
all samples of the second set were solution treated at 550˚C for 22 min and water 
quenched to room temperature (ST temper). Both sets of samples were then subjected 
to aging at 180˚C, 250˚C, 310˚C, and 410˚C in a laboratory electrical furnace for 30 
minutes, followed by air cooling. The age hardening precipitation of the AA6111-T4P 
and AA6111-ST alloys during these heat treatments was extensively investigated and 
described in detail elsewhere [14]. 

Caustic etching of the differently aged samples of the AA6111 alloy was undertaken 
by a continuous immersion for 5 min of in 10 wt% NaOH solution at 60˚C, followed by 
15 s room temperature desmutting in 25 vol% HNO3. The etching rate, expressed as the 
weight loss per·cm2, was then calculated using the following Equation. 
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where w0 and w1 are the weights in grams of the samples before and after etching, ρ is 
the alloy density (assumed to be equal to the density of aluminium = 2.7 g·cm−3) and h 
is the sample thickness (0.09 cm).  

Following caustic etching and desmutting, surface characterization of the heat-trea- 
ted samples of the AA6111 alloy was conducted using Zeiss EVO scanning electron mi-
croscope, equipped with INCA FETX3 EDX analyzer.  

3. Results 

The etching behaviour of the AA6111-T4PNA and AA6111-ST alloys in hot sodium 
hydroxide solution as a function of the aging temperature is shown in Figure 1. It is 
obvious that the dissolution rate of the heat treated alloys was enhanced, relative to the 
untreated condition. 

The backscattered electron micrographs in Figure 2 show the caustic etched and 
desmutted surface of the AA6111-T4PNA alloy in the as-received condition and fol-
lowing aging treatments at various temperatures. In general, all etched surfaces exhib-
ited a scalloped topography, which is the characteristic of an aluminium surface uni-
formly etched in alkaline solutions [15]. The significant scalloping of the etched sur-
faces is an indication to the considerable amounts of the α-intermetallic particles, which 
have been trenched and lost to the solution during the etching process, leaving cavities 
at their original locations. However, the high population density of the α-intermetallic 
particles revealed around the scalloped depressions indicates that several new intermet-
allics were exposed on the surface during caustic etching. Scalloping of the etched sur-
face by exposing and/or trenching of the underlying intermetallic particles after selec-
tive dissolution of the sub-surface layer of the AA6111-T4PNA alloy was evident even  
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Figure 1. The weight loss as a function of the artificial aging temperature of the AA6111- 
T4PNA and AA6111-ST alloys after 5 min of etching in a 10 wt% NaOH solution at 60˚C 
followed by a 15 s room temperature desmutting in 25 vol% HNO3. 

 
after short-periods of alkaline etching, as shown in Figure 3. Solution treatment prior 
to artificial aging treatment was found to have no effect on the general scalloped mor-
phology developed by alkaline etching of the AA6111-ST alloy, as shown in Figure 4. 

At increased magnifications, the scanning electron microscope imaging shows that 
the etching rate at the grain boundary regions of the AA6111 alloy is dependent on the 
alloy aging condition. In the as-quenched (ST) condition, where no grain boundary 
phases exist, the etching rate of the alloy matrix was uniform, as shown in Figure 5(a), 
Figure 5(b). Precipitation of the Q-phase precursors at the grain boundaries of the 
AA6111-T4PNA alloy during the prolonged natural aging resulted in a slight variation 
in the etching rate at these regions relative to the surrounding matrix. Consequently, 
the grain boundaries of the AA6111-T4PNA alloy were slightly revealed after alkaline 
etching, as shown in Figure 6(a), Figure 6(b). Increasing the intergranular precipita-
tion kinetics at 180˚C, for both the AA6111-ST and AA6111-T4PNA alloys, enhances 
the dissolution rate at the grain boundary regions (Figure 5(c), Figure 5(d) and Figure 
6(c), Figure 6(d)). At the peak-aging condition, 30 min at 250˚C, the dissolution rate 
along the grain boundary regions was more significant, especially for the AA6111- 
T4PNA alloy, resulting in the formation of deep grooves within which intergranular 
precipitates remnants were observed (Figure 5(e), Figure 5(f) and Figure 6(e), Figure 
6(f)). At the over-aging condition, 30 min at 310˚C, the dissolution rate along the grain 
boundary regions was considerably reduced compared with the peak-aging condition 
(Figures 5(g), Figure 5(h) and Figure 6(g), Figure 6(h)). Over-aging at 410˚C re-
sulted in a more uniform dissolution of alloy surrounding the matrix and intergranular 
precipitates, including the precipitate free zones along the grain boundaries (Figure 
5(i), Figure 5(j) and Figure 6(i), Figure 6(j)). 
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(a) 

 

(b) 

 
(c) 
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(d) 

 
(e) 

Figure 2. Backscattered electron micrographs of different aging tempers 
of the AA6111-T4PNA alloy after 300 sec of etching in 10 wt% NaOH 
solution at 60˚C followed by 15 sec room temperature desmutting in 25 
vol% HNO3; (a) as-received; (b) under-aged at 180˚C for 30 min; (c) 
peak-aged at 250˚C for 30 min; (d) over-aged at 310°Cfor 30 min and (e) 
highly over-aged at 410˚C for 30 min. 

4. Discussion 

The etching rates of the AA6111-ST and AA6111-T4PNA alloys in hot sodium hy-
droxide solution were observed to increase with the alloys pre-aging temperature. This 
can be related to the precipitation of solute atoms, in particular, magnesium and silicon 
atoms, during the aging treatment. Depletion of the AA6111-ST and AA6111-T4PNA 
alloys solid-solutions in these elements is expected to increase their dissolution rates in 
sodium hydroxide solution, which agrees with previous findings [8] [11] [12]. 
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Figure 3. Scanning electron and backscattered micrographs shown the α-intermetallic particles at the surface of the AA6111-T4PNA alloy 
before and after increased etching times (t) in 10 wt% NaOH solution at 60˚C. 

 
On the other hand, being an electrochemical reaction in nature, the dissolution rate 

of the AA6111 alloy in sodium hydroxide solution must be also influenced by the elec-
trochemical activity and population density of the aging phases and intermetallic parti-
cles.  

In the AA6111 alloy, the main second phases are the α-Al(Fe, Mn, Cu, Cr)xSiY inter-
metallic particles and the family of the Q-(Al-Mg-Si-Cu) aging precipitates. According 
to previous studies on the dissolution rates of the various intermetallic particles in the 
aluminum alloys in sodium hydroxide solution [8] [16] [17], the dissolution rate of the 
silicon-containing, α-intermetallic particles and Q-aging precipitates is low compared 
with the alloys matrix. Further, the dissolution rate of the magnesium-containing Q- 
aging precipitates in sodium hydroxide solutions can be further reduced due to the 
lower solubility of the magnesium hydroxide “Mg(OH)2” in alkaline environments 
[18].The stability of magnesium-containing aging phases, such as the Al2CuMg “S” and 
Mg2Si “β” phases, in sodium hydroxide solutions has been previously reported [2] [5] 
[19] [20].  

In agreement with the Literature, the scanning electron microscopy investigation in 
the present work shows that caustic etching treatment resulted in a preferential dissolu-
tion of the AA6111 alloy matrix in the vicinities of the iron-containing α-intermetallics 
and copper-containing Q-phase precipitates. Therefore, it can be predicted that the 
dissolution rate of the heat treated AA6111 alloy in sodium hydroxide solution is 
mainly determined by the population density of the α-intermetallics and the Q-phase  
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(d) 

 
(e) 

Figure 4. Backscattered electron micrographs of different aging 
tempers of theAA6111-ST alloy after 300 sec of etching in 10 wt% 
NaOH solution at 60˚C followed by 15 sec room temperature des-
mutting in 25 vol% HNO3; (a) as-quenched; (b) under-aged at 180˚C 
for 30 min; (c) peak-aged at 250˚C for 30 min; (d) over-aged at 
310˚C for 30 min and (e) highly over-aged at 410˚C for 30 min. 

 
precipitates, at which the kinetics of the hydrogen evolution cathodic reaction are en-
hanced [8]. However, solution treatment at 550˚C and subsequent artificial aging up 
410˚C, employed in the present work, are not expected to induce significant modifica-
tions in the size, distribution and chemical composition of α-intermetallic particles in 
the AA6111 alloy [21] [22]. On the contrary, the population density, size, stoichiometry 
and, thus, the electrochemical activities of the Q-aging precipitates are strongly de-
pendent on the alloy thermal history. Therefore, assuming that all the investigated 
tempers of the AA6111-ST and AA6111-T4PNA alloys have similar or comparable  
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(c)                                                              (d) 

 
(e)                                                            (f) 
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(g)                                                         (h) 

 
(i)                                                         (j) 

Figure 5. Scanning electron micrographs of different aging tempers of theAA6111-ST alloy after 300 sec of etching in 10 wt% NaOH 
solution at 60˚C followed by 15 sec room temperature desmutting in 25 vol% HNO3; (a), (b) as-quenched; (c), (d) under-aged at 
180˚C for 30 min; (e), (f) peak-aged at 250˚C for 30 min; (g), (h) over-aged at 310˚C for 30 min; and (i), (j) highly over-aged at 410˚C 
for 30 min. 

 
amounts of α-intermetallic particles on their surface, the increase in the caustic etching 
rate of these alloys with the aging condition can be related to the increased population 
density of the cathodic Q-phase, as well as, to the increased depletion of the alloys solid 
solution in magnesium and silicon. 

Further, the results of the present study suggest that the surface topography devel-
oped after alkaline etching of the AA6111 alloy is strongly dependent on the distribu-
tion and electrochemical activity of the Q-phase precipitates. For example, the ho-
mogenous distribution of high population density of the Q-phase precipitate in the 
matrix of the highly over-aged AA6111 alloy (aged at 410˚C) resulted in a uniform 
etching of the alloy in sodium hydroxide solution. On the contrary, the less homoge- 
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(c)                                                            (d) 

 
(e)                                                           (f) 
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(g)                                                        (h) 

 
(i)                                                      (j) 

Figure 6. Scanning electron micrographs of different aging tempers of the AA6111-T4PNA alloy after 300 sec of etching in 10 wt% NaOH 
solution at 60˚C followed by 15 sec room temperature desmutting in 25 vol% HNO3; (a), (b) as-received, (c), (d) under-aged at 180˚C for 
30 min, (e), (f) peak-aged at 250˚C for 30 min, (g), (h) over-aged at 310˚C for 30 min and (i), (j) highly over-aged at 410˚C for 30 min. 

 
nously distributed Q-phase precipitates in matrix of the lower aged tempers of the 
AA6111 alloy resulted in non-uniform etching, which increased the alloy surface to-
pography.  

Furthermore, the higher cathodic activity of the Q-phase precipitates along the grain 
boundaries of the peak-aged AA6111-ST and AA6111-T4PNA alloys is observed to sig-
nificantly enhance the dissolution rate of the grain boundary regions. Similar phe-
nomenon has been previously observed up oncaustic etching of the AA6111 alloy [23] 
and other peak-aged Al-Mg-Si-Cu alloys [24] [25]. According to a previous AFM inves-
tigation [26], preferential dissolution of the grain boundary regions can be related to 
the higher potential difference between the copper-rich, intergranular Q-phase precipi-
tates and the adjacent solute-depleted matrix of the peak-aged AA6111 alloy. Conse-
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quently, caustic etching results in a significant roughening and variation in the surface 
topography of the peak-aged AA6111-ST and AA6111-T4PNA alloys.  

5. Conclusions 

The dissolution rate of the automotive AA6111 alloy during the conventional caustic 
etching and acidic desmutting surface pre-treatments increases with the alloy preaging 
condition. This is related to the precipitation of the cathodic Q-phase and the depletion 
of the alloy solid solution in magnesium and silicon. 

The surface topography induced by caustic etching and acidic desmutting surface 
pre-treatment of AA6111 alloy is strongly dependant on distribution and the electro-
chemical activity of the Q-phase precipitates. The homogenous distribution of the Q- 
phase precipitate in the matrix of the highly over-aged AA6111 alloy results in a more 
uniform etching of the alloy in sodium hydroxide solution, whereas the less homoge-
nously distributed Q-phase precipitates in the matrix of the lower aged tempers in-
creases the alloy surface topography. This reveals the importance of the caustic etching 
procedure prior to paint application of the AA6111 body panels in the automotive in-
dustry, which may cause a significant variation in the surface roughening and, thus, the 
reflectivity in the vicinity of the panels welding joints. 

6. Limitations of the Study 

It to be mentioned that, due to the lack of sufficient time, the investigation method em-
ployed in the present work was limited to SEM. However, other surface characteriza-
tion techniques, such as AFM or Profilometer can be also utilized to study the surface 
topography of caustic etched AA6111 alloy. 
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