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Subjecting an aluminium surface to a mechanical processing operation such as hot or cold rolling, 
grinding, machining or cutting transforms the surface structure.  The surface microstructure is 
locally transformed and if the surface shear is high enough then a layer with an ultra-fine grain 
size is developed.  This layer has very different optical, mechanical and electrochemical 
properties to the underlying bulk microstructure.  These properties can be exploited or they can 
be used to understand why and how aluminium alloys corrode either during testing as mechanical 
abrasion is frequently used to prepare samples for electrochemical testing or in service, 
particularly under paint films.   
 
Two main forms of surface deformation have been studied in particular detail, firstly that induced 
by rolling processing used during the fabrication of aluminium alloy sheet and, secondly, that 
induced by mechanical grinding of assembled parts prior to painting. Work is in progress to 
understand surface deformation during machining and during new surface processing techniques 
such as friction-stir surfacing. 
 
Rolling induced damaged surface layers 
 
Deformed surface layers are an inherent feature of hot rolled aluminium alloy sheet. This is 
relatively independent of alloy composition and the deformed layer thickness on sheet at hot mill 
transfer gauge is of the order of one micrometer. During hot rolling there is a significant asperity 
contact between the aluminium strip and the relatively rough working roll surface. The 
acceleration of the aluminium strip as a result of thickness reduction means that for each rolling 
pass, the surface metal is smeared first in the forward and then in the reverse direction into the 
roll-bite. This shearing of the surface metal results in cracking, folding and re-welding of smeared 
metal. The subsequent near surface microstructure is shown in Figure 1, which shows a TEM 
micrograph of hot roll transfer gauge AA5754, where the highly deformed layer can be seen to 
consist of very fine grains decorated by a high density of second phase inclusions including 
magnesium-containing oxide particles and carbon-containing lubricant.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1:  TEM micrographs showing the near surface microstructure of hot rolled AA5754 sheet. 
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Due to the different lubrication conditions during cold rolling there is much less direct contact 
between the aluminium sheet and the work roll surfaces in these later stages of sheet production. 
Deformed layers generated by hot rolling are therefore progressively thinned down and spread 
out by cold rolling. Alloys that have been extensively cold rolled consequently have thinner 
deformed layers that can more readily be removed by conventional etch cleaning operations if 
this is required. An example of this is given in Figure 2, showing a thin and discontinuous 
deformed surface layer on heavily cold rolled AA5005 sheet. When material is cold rolled to very 
thin gauges, as in the case of aluminium foil products, the deformed surface layers from the hot 
rolling processing may be reduced and spread out so much that they become insignificant. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2:  TEM micrograph showing, discontinuous deformed surface layers on cold rolled 
AA5005 sheet.  
 
Rolling-induced deformed surface layers are particularly relevant for coil coated aluminium sheet 
where the demands for increased productivity and reduced environmental impact means that 
deformed layers are not always removed by the minimised cleaning and pre-treatment processes 
employed prior to painting. The alloys systems of most relevance for coil coating applications are 
AA3xxx and AA5xxx and, to a lesser extent, AA1xxx and AA8xxx. The inherent corrosion 
susceptibility of rolled aluminium alloy sheet can be considered to be the susceptibility at the as-
fabricated stage before any cleaning or pretreatment steps are considered. This can be evaluated 
either by simply lacquering and corrosion testing the as-fabricated surface or by direct 
electrochemical measurement such as corrosion potential/time in saline solutions. Somewhat 
surprisingly, the inherent corrosion susceptibility of coil coated aluminium alloys has exhibited a 
strong correlation with the manganese content. Detailed analysis showed that this was due to 
preferential precipitation of manganese-rich dispersoids in deformed surface layers relative to the 
less deformed, underlying bulk during annealing treatments. Susceptibility is directly related to the 
density of precipitated dispersoids in the near-surface region which, in turn, depends on 
manganese solid solution levels and on the temperature and time of annealing.  
 
While deformed surface layers clearly are present on AA5xxx alloys as shown in Figures 1 and 2, 
it is worth noting that these layers are not significantly different from the underlying bulk in terms 
of electrochemical properties or corrosion behaviour. Al-Mg alloys therefore do not generally 
exhibit any inherent susceptibility to corrosion due to the presence of a deformed surface layer. 
The replacement of high manganese alloys with magnesium containing alloys can therefore be 
recommended as one possible way of improving the corrosion resistance of painted sheet 
products. Further general recommendations that can be made are the use of thermal treatments 
that promote precipitation of manganese from super-saturated solid solution prior to hot rolling, 
which will reduce the surface activation during subsequent annealing treatments.  
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Grinding and machining induced damaged surface laye rs 

 
Although the surface of wrought aluminium products can be made corrosion resistant by 
removing rolling-induced deformed surface layers, it is possible in some alloy systems that 
surfaces are made reactive by subsequent high shear finishing processes like grinding or 
machining.  This is of particular relevance for automotive applications, where alloys of the Al-Mg-
Si-(Cu) family (AA6xxx) are used for external closure panels. These sheet materials are generally 
supplied in a cleaned, and therefore corrosion resistant, condition. However, mechanical grinding 
is frequently applied as rectification prior to final cleaning, pre-treatment and painting at the 
automotive manufacturer and this process typically produces ultra-fine grained surface layers of 
several micrometers thickness. Because of the relatively thick nature of these grinding-induced 
layers, they are generally not removed during cleaning and pre-treatment as part of the body-in 
white finishing operation. Figure 3 shows the deformed layer produced by mechanically grinding 
the surface of an AA6016 alloy sheet with 200 grit SiC paper. The low magnification image shows 
the surface roughness from the grinding and the continuous, fine grain, near-surface layer. The 
higher magnification image shows the fine grains generated by grinding. These images were 
obtained using energy filtered backscattered electrons directly and revealed these features in a 
scanning electron microscope for the first time. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Effect of mechanical grinding on filiform corrosion resistance of AA6xxx alloys 
 
Grinding-induced deformed surface layers in AA6xxx series alloys become electrochemically 
active through preferential precipitation of intermetallic phases at ambient temperatures, or more 
rapidly through thermal treatments such as paint baking. Detailed examination of the 
microstructure within the deformed layers and of the corrosion morphology of ground surfaces 
indicate that the mechanism of activation of the near surface layers is similar to that for the 
development of susceptibility to intergranular corrosion (IGC) in the bulk alloys, i.e. by 
precipitation of equilibrium phase intermetallic particles at grain boundaries. Depleted zones 
adjacent to the grain boundaries then act as preferential pathways for corrosion propagation. The 
high density of grain boundaries within the very fine grain structure of the deformed layers results 
in a highly superficial corrosion attack and fast lateral propagation of corrosion under paint films.  
While the mechanism of activation of grinding induced deformed surface layers appears to be the 
same as that controlling IGC of the bulk material, the kinetics of the precipitation reactions within 
the deformed surface layers appear to be significantly faster than that reported for the 
development of susceptibility to intergranular corrosion of bulk material. 
 
For AA6xxx series alloys that contain appreciable amounts of copper, e.g. AA6111, the 
intermetallic phase that is precipitated within the deformed layers has been identified as the 
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equilibrium Q-phase (Cu2Mg8Si7Al4). For alloys like AA6016 with lower Cu content the grain 
boundary precipitates are of the Mg2Si phase. Figure 4 shows a bright field / dark field pair of 
TEM micrographs illustrating the preferential precipitation of Q-phase precipitates at grain 
boundaries within the deformed surface layers. In the dark field image, the hardening phase 
precipitates can be seen to be present in the large grain below the deformed surface layer, while 
no such precipitates are present within the very fine grains in the surface. In terms of controlling 
cosmetic corrosion of painted aluminium sheet in automotive applications, no practical treatment 
has yet been found which will allow complete immunity to the surface active mode of filiform 
corrosion for parts that have been mechanically ground. The situation for aluminium external 
closure panels can be compared to that of galvanised steel, in that rectification should be 
minimised in areas that are susceptible to stone chip damage. For galvanised steel surfaces, 
grinding removes the protective zinc layer. In the case of aluminium, a corrosion active layer is 
created by the grinding and finishing operation.  However, extensive testing clearly indicates that 
corrosion in service will only occur if the multi-layer paint film is completely damaged so as to 
expose bare metal.  To date there is perfect correlation between field corrosion and mechanical 
grinding. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 : BF/DF pair of images showing precipitation in ground surface layers of alloy AA6111 

Cleaning 

Chemical or electro-chemical cleaning processing prior to pre-treatment has been repeatedly 
demonstrated to be a critical step for controlling surface-active filiform corrosion. For material that 
is susceptible to the surface-active mode of corrosion, any cleaning process, e.g. acid, alkaline or 
electrolytic, that removes the microstructurally altered layers results in an inherently corrosion 
resistant substrate.  The amount of metal that needs to be removed depends directly on the layer 
thickness and this means that cleaning is facilitated where there has been significant cold rolling 
to reduce layer thickness.  In low magnesium alloys, the ultra-fine grains are usually annealed out 
but there is still a preferential precipitation of dispersoids compared to the bulk microstructure.  
The entire corrosion sensitive layer must be removed.  For low manganese AA5xxx alloys the 
only requirement is to remove magnesium oxide from the surface as this can reduce adhesion.  
This is important both for painting and for adhesive bonding applications.  This means that 
cleaning of AA5xxx alloys is more straightforward than cleaning AA3xxx or AA6xxx alloys. 
 
To date it has been found that all aluminium alloys become immune to underfilm corrosion 
following effective cleaning to remove corrosion susceptible deformed layers.  However, it is very 
important to avoid accumulation of copper on the alloy surface during the cleaning operation 
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and/or to ensure that any copper enrichment is removed by a suitable desmutting treatment. 
Copper is readily enriched on the surface of aluminium alloys in both acid and alkaline etching 
solutions.  

Pretreatment 

The principal function of pretreatment or conversion treatment after cleaning is to provide good 
adhesion.  This can be achieved by using a treatment to enhance the natural oxide layer like 
anodising or hydrothermal treatment in water or steam.  Anodising pretreatments have been used 
very effectively for many years although they are not in widespread use as coil line treatments.  
Coil line treatments are based on fast anodising in either sulphuric acid or phosphoric acid.  
These types of preteatment have the advantages of speed, control and uniformity compared to all 
chemical conversion treatments.   
 
Fluorotitanic and fluorozirconic acid based pretreatments are in fairly widespread use as chrome-
free alternatives.  Such pretreatments can certainly be effective but are more difficult to monitor in 
production compared to traditional chrome-based systems.  This is because X-ray florescence 
systems are less sensitive to titanium and zirconium compared to chromium.  Where polymeric 
additions are made to the formulation to improve performance, this is a particular issue.  For such 
systems good adhesion is achieved through good surface coverage of a uniform film of either 
zirconium and/or titanium oxide.  However, adhesion is severely compromised if the film is too 
thick and this can lead to coating failure in service that is unrelated to corrosion sensitivity. 
 
Figure 5 shows the filiform corrosion resistance of an AA6011 alloy made by block casting 
secondary metal.  Filiform resistance is significantly improved by the removal of surface layers 
and by the promotion of good adhesion by the effective use of the appropriate silane.  In this case 
the pre-treatment was applied using flame pyrolysis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 :  Filiform corrosion of block cast AA6011 alloy made from recycled scrap 
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Summary 
 
High shear surface processing of aluminium alloys results in a deformed surface layer with a 
transformed microstructure.  The properties of this layer could be exploited by the development of 
suitable surface processing techniques like friction-stir surface processing. 
 
However, to date the properties of deformed surface layers have been used to understand and 
control the corrosion failure of painted aluminium sheet. For automotive closure applications, 
cosmetic corrosion can occur as a result of localised damage to paint films and preferential attack 
of grinding-induced deformed surface layers in areas that have been subjected to rectification 
prior to painting.  For this reason, rectification of surface damage during production should be 
minimized in areas susceptible to stone chip damage. 
 
Acknowledgements 
The author is indebted Andreas Afseth, George Thompson and Xiarong Zhou for making this 
work both possible and enjoyable. 
 
Dr. Geoff Scamans 
Innoval Technology Ltd 
www.innovaltec.com 
geoff.scamans@innovaltec.com, +44 (0) 1295 702800 

 
 
 
 
 


