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A B S T R A C T   

Formation of the high-temperature α-Al2O3 phase during Plasma Electrolytic Oxidation of aluminium at ambient 
bulk temperatures has been previously attributed to local microdischarge events providing multiple melting- 
solidification cycles in micro-volumes of the surface oxide layer. In this work, it is demonstrated that the α 
phase can be formed even if the microdischarge is fully suppressed under specific processing conditions. Oxide 
layers produced in the post-sparking anodising mode were studied by FIB, TEM, EBSD, EDS and GDOES tech
niques to reveal microstructural and chemical evolutions that accompany the γ to α alumina transition. Our 
results provide strong evidence that the α phase can form spontaneously in regions of oxide with the appropriate 
temperature, grain size and impurity distributions in the γ-Al2O3 matrix that allow sufficient mobility of α/γ 
grain boundaries. Ionic migration within the oxide and hydrothermal dissolution/precipitation in the associated 
microporous network that facilitate species mobility at the grain boundaries allow the critical temperature for 
activation of γ→α transition to be reduced. Overall, it is suggested that oxide layer growth can be considered in 
terms of a relatively simple Plug Flow Reactor model. This can help predict the phase transition kinetics 
depending on key processing parameters such as current density and frequency of pulse polarisation, thus 
enabling optimum control of coating microstructure for specific application requirements.   

1. Introduction 

Aluminium is one of the most ubiquitous engineering materials due 
to its protective oxide scale which forms naturally on the surface of this 
chemically active metal. Despite the wide range of coatings and surface 
engineering strategies that have been developed in recent decades, 
augmentation of this scale, e.g. by anodic polarisation in appropriate 
electrolytes, remains the most common way of protecting Al alloys from 
the harsh conditions and demanding environments inherent to the 
aerospace and transport industries [1]. Anodising of Al has been used 
industrially for nearly a century to grow relatively thick and conformal 
surface oxide films with very good adhesion [2]. However, amorphous 
alumina formed by anodising cannot provide adequate barrier protec
tion from wear and corrosion without additional post-treatments. 

Enhancement of the wear resistance of anodic alumina requires the 

formation of hard crystalline phases, which is difficult to achieve in situ 
by conventional anodising. Crystallisation of amorphous Al2O3 can be 
triggered by heating, or application of ion- or electron-beams and other 
energetic impacts, as well as sufficiently high electric fields [3]. While 
many metastable alumina polymorphs exist, e.g. defect spinel structured 
γ phase, it is often the thermodynamically stable trigonal α-Al2O3 phase 
(i.e. corundum) that is desired due to its high mechanical and dielectric 
properties, as well as thermal and chemical stability [4]. Thermally 
induced formation of the α-Al2O3 phase normally requires elevated 
temperatures in the region 800 to 1200◦C which is inappropriate for Al 
due to its lower melting temperature. However, in situ crystallisation of 
the growing anodic alumina may be triggered at moderately elevated 
bulk substrate temperatures (100 to 250 ◦C), for example by anodising in 
molten salt baths [5], or by high instantaneous surface temperatures 
caused by local dielectric breakdown of the surface oxide layer [6]. The 
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latter approach is utilised in Plasma Electrolytic Oxidation (PEO) – an 
electrochemical technique for the deposition of relatively thick oxide 
ceramic coatings on so-called valve metals (Mg, Al, Ti, Zr, Nb, Ta, W 
etc.) [7–9]. PEO treatments are carried out under high anodic bias 
(typically up to 800 V) which induces local dielectric breakdown of the 
growing anodic oxide film. The resulting plasma microdischarges affect 
surface morphology, chemical and phase composition, yielding ceramic 
coatings with high adhesion (typical of anodically formed oxides), su
perior protective and functional properties attributed to crystalline α- 
and  γ-Al2O3 phases. 

It is known that the content of alpha alumina can be increased in 
dense PEO coatings formed on Al by using alternating current polar
isation instead of DC [10]. Such current modes are characterised by a 
ratio of average negative to positive current densities, R = jNeg / jPos. A 
particularly noticeable refinement in coating morphology can be ach
ieved using a so-called ‘soft sparking’ PEO mode, where R > 1 [11–13]. 
The soft sparking is manifested as a weakening of apparent micro
discharge activity, which occurs following an induction period wherein 
the oxide layer grows to a certain thickness in a conventional PEO mode, 
usually at a constant current density [10,14]. Surprisingly, discharge 
suppression often facilitates both coating growth and the formation of 
the crystalline α-Al2O3 phase [13,15]. This contradicts common under
standing that the former process relies upon an ejection of Al into the 
electrolyte via discharge channels and the latter upon extremely high 
temperatures developed within a microdischarge. Until now, few at
tempts have been undertaken to account for the effects of cathodic 
current on the γ→α phase transformation in PEO alumina, with expla
nations based on various sources of heat, e.g. from cathodic discharges 
[16–18], powerful anodic discharges [19,20] or intense exothermic 
oxidation of Al substrate [21], being proposed. These speculative con
jectures need to be critically reassessed since the common underlying 
hypothesis based on the heat dissipated in plasma microdischarges 
affecting the surrounding material [22], i.e. causing its melting, evap
oration and gas-phase redox reactions at the heating stage, followed by 
product sintering and quenching upon cooling from above 1000 ◦C – 
which is thought to enable the formation of α-Al2O3 – becomes incon
sistent with the observed increases in the alpha phase content when the 
microdischarge is significantly weakened, or even completely sup
pressed [13]. In fact, the role of cathodic microdischarges has already 
been disproved by synchronous monitoring of light emission and current 
pulses together with consequent phase analysis demonstrating that 
α-Al2O3 appears much earlier than any cathodic discharges could be 
detected, which occurs only at the final stage of the process to the 
detriment of the coating microstructure [23,24]. 

Since the current ratio, R, plays a key role in the transition to soft 
sparking, galvanostatic control over the PEO process may seem to be 
preferable to potentiostatic or power control modes. However, the onset 
of soft sparking under constant current conditions can be delayed 
significantly (for up to 40…60 min, depending on jPos and R values) [13, 
25,26], hampering the morphological refinement in already formed 
oxide. Here, we have attempted to overcome this issue by growing the 
oxide layer in a potentiostatic mode. This establishes non-stationary 
conditions with initially high jPos and R values that gradually decrease 
as the layer grows, which facilitates a transition to soft sparking and, in 
some cases, leads to complete elimination of discharge. Importantly, this 
is expected to promote both early morphological refinement and for
mation of the desired α alumina in relatively thin PEO coatings, making 
them more economically competitive with, and functionally superior to, 
conventional anodic oxide films. Furthermore, we have endeavoured to 
address the most intriguing fundamental question: how does the α phase 
form in PEO alumina in the absence of apparent plasma discharge? For 
this purpose, we used a combination of advanced micro (SEM, EDS, 
EBSD, TKD, TEM and FIB preparation) and macroscopic analytical 
techniques (XRD and GDOES) to study the oxide layer microstructure 
and alloying impurities distribution in conjunction with field effects 
imposed by bipolar polarisation. The insights provided by this study are 

anticipated to contribute to both better understanding of the funda
mental materials science of anodic alumina and the development of the 
next generation of anodising processes. 

2. Experimental 

2.1. Coating preparation 

2.1.1. Materials 
Commercial 6082 aluminium alloy plate (typical composition in wt. 

%: Si 0.7-1.3, Mg 0.6-1.2, Mn 0.4-1.0, Fe < 0.5, Cr < 0.25, Zn < 0.2, Cu 
< 0.1, Ti < 0.1, other < 0.15, Al balance) was cut into samples, 6 mm ×
8 mm × 17 mm in size and degreased with acetone before processing. 
The aqueous electrolyte containing (mM): 22.3 KOH and 1.1 
Na4P2O7·10H2O (both CP grade, Alfa Aesar; pH = 12.5; κ = 6.5 mS/cm) 
was kept in the temperature range 20 to 35 ◦C. 

2.1.2. PEO treatment 
The samples were processed using a pulsed bipolar (PB) PEO mode 

under potentiostatic control. Three levels of positive (470, 500, 530 V) 
and negative (220, 240, 255 V) voltage were used in the 32-factorial 
experiment. The polarisation was provided by two MDX II DC voltage 
sources (30 and 15 kW, Advanced Energy) connected to the cell via a 
SPIK-2000A pulsing unit (MELEC GmbH) with a working frequency f =
2.63 kHz (T+

on = T−
on = 180 μs, T+

off = T−
off = 10 μs). Each process started 

with a 30 s voltage ramp from zero to the pre-set level. 
The transition to the soft sparking in the case of varying current 

values was determined by Optical Emission Spectrometry (OES) by a 
decrease in atomic line intensity. Atomic spectral lines of H (656.3 nm), 
Al (390.1 nm), Na (589.0 nm) and K (766.5 nm) identified according to 
the NIST database [27] were monitored using a Flotron fibre optic 
spectrometer (Nova Fabrica) with a 2 s exposure time. 

2.2. Materials characterisation 

2.2.1. Surface roughness 
Surface roughness was evaluated using a Keyence X200K 3D Laser 

Microscope. The roughness parameter values were calculated using the 
average of 20 line profiles (~90 µm length) uniformly distributed over 
the scanned area of 135 µm × 95 µm. 

2.2.2. Cross-section preparation 
Coating cross-sections were prepared in two ways. For general im

aging and porosity evaluation, the formed oxide layers were sputter- 
coated with a chromium protective layer, mounted in a phenolic com
pound and ground using SiC papers down to p4000 grit size. Then the 
cross-sections were finely polished in an FEI Helios dual-beam Xe+ ion 
Plasma Focused Ion Beam (P-FIB) system using a rock-milling approach 
[28]. From these cross-sections, lamellas were prepared for subsequent 
TEM and Transmission Kikuchi Diffraction (TKD) measurements [29] 
(see Fig.S1 in Supplementary Materials available in the on-line version 
of this article). 

For large area Electron Back Scattered Diffraction (EBSD) measure
ments, cross-sections were prepared by Ar+ Broad Ion Beam (BIB) 
milling with a Gatan Ilion II system using energies from 6 keV down to 
0.5 keV. This approach minimised surface amorphisation and unex
pected phase changes induced by ion milling enabling accurate identi
fication of γ-Al2O3 grains. 

2.2.3. Phase analysis 
Identification of coating phase composition was performed by X-ray 

Diffraction (XRD) with a D8 Discovery diffractometer using CuKα radi
ation. Phase localisation, grain size distribution, orientation and coating 
texture were evaluated by EBSD and TKD using an FEI Magellan 400 
XHR FEG-SEM equipped with a NordlysNano EBSD detector. The data 
were analysed using Oxford Instruments HKL Channel 5 software 
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employing the following structure parameters for the phases identified: 
Al (cubic, m3m, a = 4.05Å), α-Al2O3 (trigonal, R3c, a = b = 4.75 Å, c =
12.98Å, α = β = 90◦ and γ = 120 ◦), γ-Al2O3 (cubic, Fd3m, a = 7.91Å). 
The raw EBSD images were corrected in the direction normal to the 
sample surface to take into account the experimental tilt error of the 
EBSD sample preparation and measurement. The TKD measurements 
were performed using a 30 keV accelerating voltage at a working dis
tance of 2 mm while the FIB lamellas were tilted 20◦ away from the 
detector to improve spatial resolution [30]. 

2.2.4. TEM analysis 
After the TKD measurements, High Angle Annular Dark Field 

(HAADF) Scanning Transmission Electron Microscope (STEM) imaging, 
Energy Dispersive X-ray Spectroscopy (EDS) maps and Transmission 
Electron Microscope (TEM) analysis were carried out using an FEI Talos 
F200A instrument operated at 200 kV. The previously collected TKD 
phase maps allowed for specific grain boundaries to be studied. 

2.2.5. SEM and EDS analysis 
Using the FEI Helios P-FIB electron imaging capabilities, the surfaces 

of as-deposited oxide layers were observed using secondary electron 
imaging after the deposition of a thin Au-Pd conductive layer. Back- 
Scattered Electron (BSE) images of the cross-sections were also 
collected to measure the thickness of the oxide layers and to quantify 
porosity after binarisation using ImageJ software [31] (see Fig.S2 in 
Supplementary Materials available in the on-line version of this article). 
Finally, the coating chemical composition and elemental maps were 
obtained using an Oxford Instruments X-Max EDS detector at 15 kV. The 

average elemental composition was acquired from a square area fitted to 
the coating thickness. The quantification was accomplished using the 
internal standards of Oxford Instruments’ AZtec software. 

2.2.6. Glow discharge optical emission spectroscopy (GDOES) 
Complementary elemental depth profiling of the oxide layers was 

also investigated by GDOES, using a GD-Profiler 2 (Horiba Jobin Yvon) 
at Ar pressure of 635 Pa and a power of 35 W. A standard set of wave
lengths was employed for element detection. Since the GDOES profiling 
signal has no strong spatial links to the specimen geometry, potassium 
concentration peaks at the surface and metal/oxide interface correlated 
in both GDOES and EDS line scans were used to estimate positions of the 
other GDOES profiles along the coating cross-section. 

3. Results 

3.1. Transition from PEO to post-sparking anodising 

In the potentiostatic PB PEO mode, both positive and negative cur
rents change reflecting non-stationary coating growth and correspond
ing structural transformations. Fig. 1a shows a typical evolution of the 
two current densities and associated current ratio R for the central point 
(Upos = 500 V, Uneg = -240 V) of the 32-factorial experiment. Following 
the initial voltage ramp, jNeg and jPos behaved asynchronously in the 
potentiostatic step, first increasing and then decreasing, after 2.5 and 5 
min, respectively. This led R to peak at ~2.1 between 1 and 2 min and 
then decrease promptly to ~1.7, after about 5.5 min, after which it 
remained approximately constant. The asynchronous current behaviour 
is consistent with the formal description of anodic and cathodic 

Fig. 1. Sustainability monitoring of PEO process: (a) Temporal evolution of current densities and R factor during potentiostatic treatment of Al alloy (+500/-240 V); 
(b) Examples of OES spectra collected at different stages of the process; (c) Evolution of atomic line peak intensities with processing time indicating transition to the 
post-sparking anodising stage; (d) Time to post-sparking transition as a function of positive and negative voltage set points. 
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processes in PEO Al by two different equivalent circuits [32]. A rather 
modest change in jPos is different from that in the DC PEO process [33] 
where current drops down significantly to a minimum (leakage current) 
value limiting the final coating thickness. This indicates an influence of 
prior cathodic polarisation on effective conductivity of the barrier part 
of surface oxide in the positive direction, which enables thicker coatings 
to be grown more efficiently [13,25,26]. 

Unlike soft-sparking PEO, transition to the post-sparking stage is 
identified by the complete disappearance of atomic lines in the OES 
spectra (Fig. 1b,c). Seeming increases in intensities of H and Na lines 
after the transition are due to continuous galvanoluminescence within 
the 430 to 680 nm band common to anodising in inorganic electrolytes 
[34,35]. The incubation period for the transition varies smoothly within 
the studied voltage range between approximately 4 and 7 min (Fig. 1d), 
which is significantly shorter than the transition to soft sparking under 
galvanostatic control [13,25,26]. This means that the post-sparking 
mode is sustainable and can be implemented over a wide window of 
processing parameters, without falling into a destructive arcing regime 
or impeding coating growth, which is beneficial for scaling up the 
process. 

3.2. Oxide layer morphology 

To study the evolution of coating morphology during post-sparking 
PEO treatment, three oxide layers with thicknesses ~15, 20 and 30 
µm were manufactured by processing the Al alloy substrates for 5, 7 and 
11 min, at the central point of experiment (+500/-240 V, see Table 1). 
SEM images of the surface morphology (Fig. 2I) reveal nodular features 
typical of PEO coatings on Al. However, unlike oxide layers formed in 
conventional PEO mode, neither these features nor surface roughness 
(Table 1) change with coating thickness. This implies that beyond the 
initial sparking stage, the coating growth occurs mainly at the metal/ 
oxide interface, i.e. ‘reformative growth’ via discharge channels reverts 
back to ‘laminate growth’ dominated by ionic migration across the oxide 
layer, similar to conventional anodising. 

On BSE micrographs of the P-FIB cross-sections (Fig. 2II), all three 
coatings appear uniform and mostly dense. Increased porosity is present 
in the outmost region of the surface layer and, to a lesser extent, at the 
metal/oxide interface (Fig. 2II), whereas in the middle part, porosity is 
mostly below 5%. A network of cracks (not accounted for in porosity 
measurements) that may be interconnected propagating throughout the 
oxide layer [36] was also observed. 

3.3. Oxide layer composition 

3.3.1. Phase composition 
According to XRD patterns (see Fig.S3 in Supplementary Materials 

available in the on-line version of this article), the 15 μm thick oxide 
layer contains only γ-Al2O3 phase while those with thickness 20 and 30 
μm, have both γ and α phases present. This is consistent with the results 
of EBSD analysis (Fig. 2III) revealing α-phase bands in the inner parts of 
the latter two coatings, whereas the thinnest oxide contains only gamma 
phase albeit with a slightly larger grain size (Fig. 2IV). The fact that the 
α-Al2O3 phase appears once the coating thickness exceeds a certain 
threshold is known; however this usually occurs at much greater 
thicknesses, e.g. above 50 to 60 µm, for conventional PEO coatings 
formed by 50 Hz AC polarisation [10]. 

Four regions can be distinguished in the heterophase oxide layers 
(Fig. 2III): an outmost layer (1) consisting of γ phase, an α-rich inter
mediate region (2), a γ-rich region near the metal/oxide interface (3), 
and finally a thin interfacial layer (4), where neither alpha nor gamma 
structure could be identified with confidence at this stage (details of this 
structure revealed at a higher magnification observation (Fig. 5) will be 
discussed in Section 3.4). The heterophase part of the coating formed by 
groups of equiaxed α grains (yellow grains in Fig. 2III) separated by 
protrusions of γ phase expands as the layer grows. The α-rich region 
could be associated with specific conditions for nucleation and growth of 
the alpha phase. The maximum grain size distributions for the α and γ 
phase are depicted in Fig. 2 IV. Before phase transition, the grain size of 
the γ matrix tends to increase from the interface towards the surface 
indicating a trend for grain growth as the layer thickens with time. 
Appearance of the α phase (yellow bars in Fig. 2IV) coincides with a 
reduction in the size of γ grains within the heterophase region, with the 
location of largest α grains corresponding to the smallest size of γ grains. 

3.3.2. Elemental composition 
All the coatings comprise mainly O and Al as well as small amounts of 

the main alloying elements (0.2 to 0.5 at.% of Si and Mg, see Table S1 in 
Supplementary Materials available in the on-line version of this article). 
The EDS line scans (Fig. 2V) show that Mg, Mn and K tend to segregate 
towards the coating surface, and this effect is amplified as the oxide 
layer grows. GDOES profiles (Fig. 3) reveal uniform distributions of 
minor coating elements, whereas K tends to follow the porosity distri
bution (Fig. 2II), with higher concentrations at the coating surface and 
the metal/oxide interface, but lower content in the bulk of the oxide. 
This indicates that open porosity and microcracks may permit electro
lyte ingress to the metal/oxide interface, thus sustaining the oxidation 
process without the need for destructive discharge events. Consistent 
with the EDS line scans, GDOES profiles for Mg show signal increasing 
towards the coating surface, while that of Si demonstrates generally 
opposite trend, with a minor increase in the near surface region, which 
can be accounted for by dissolution-precipitation of silicate species in 
the highly alkaline media [37]. Hydrogen is present throughout the 
oxide layer, decreasing from the surface to the bulk of the oxide and then 
forming a slight local maximum at the metal/oxide interface, indicating 
a possible presence of hydrated phases within the interfacial barrier 
layer, where the oxide is initially formed. 

3.4. Preferred orientations and orientation relations between grains 

The inverse Pole Figure (IPF) maps (Fig. 4) derived from the EBSD 
scans confirm the absence of any pronounced texture in the studied 
coatings, which is consistent with nearly equiaxed grain shapes for both 
phases. However, a slight preferred orientation can be noted in the 20 
µm layer (Fig. 4b,e), wherein the α grains have their c-axes aligned 
roughly towards the coating surface plane (20 to 40◦ away) and the γ 
grains have their [111] and [001] axes roughly towards the surface (14◦

away). The IPF results presented in Fig. 4 are overlayed upon the band 
contrast (BC) maps which represent the pattern quality at each point 
(along a grey scale from black to white for low to high pattern quality). 
The high quality of the Kikuchi patterns can be observed by the overall 
lightness of Fig. 4a-c within both the substrate and coating regions. 
However, a darker band can be seen along the metal/oxide interface 
indicating a lower quality indexing in the region of the thin amorphous/ 
nanocrystalline interfacial layer. 

To understand how the γ to α phase transition in PEO alumina occurs, 
TEM imaging and TKD mapping of the samples were undertaken. Results 
presented in Fig. 5a,b indicate that the transition does not change the 
type of microstructure. This is consistent with IPF maps presenting 
similar recrystallised equiaxed grain structures with increasing grain 
sizes from the metal/oxide interface to the coating surface (see Fig. 2IV 
and Fig. 4). In both cases, seemingly amorphous interfacial barrier layers 
could be observed. However, a high resolution TKD map (Fig. 5c, 5 nm 

Table 1 
Morphological characteristics of studied oxide layers.  

Sample 
code 

Process 
duration / min 

Average 
thickness / µm 

Average surface 
roughness, Ra / µm 

15 µm 5 15.0 ± 0.3 0.65 ± 0.11 
20 µm 7 20.7 ± 0.7 0.71 ± 0.11 
30 µm 11 30.2 ± 0.9 0.60 ± 0.10  
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step size) and the dark field STEM image (Fig. 5d) reveal that the 
continuous barrier layer, having a thickness of about 200 nm and 
separating the interfacial porous oxide from the metal substrate, con
tains nanocrystalline inclusions (annotated with arrows, Fig. 5c). 

Local misorientation maps show significant local misorientations 
between oxide grains both before and after γ→α transition (Fig. 5a,b, 
‘TKD Loc. Misor.’). However, in the 20 μm thick heterophase layer, a 
region with relatively low local misorientation can be identified as 

Fig. 2. Coating characterisation as a function of coating thinkness: Panel I – Surface plane SE SEM images of oxide layer with various thicknesses; Panel II - BSE SEM 
images of P-FIB cross-sections; Panel III - EBSD phase maps representing the distribution of γ-Al2O3 (green), α-Al2O3 (yellow) and the 6082 alloy (red); Panel IV – 
distribution of maximum grain size (equivalent diameter in μm) across the coating thickness obtained from IPF data (Fig. 4); Panel V – EDS line scans for impu
rity elements. 

Fig. 3. GDOES profiles for the components of oxide layers of various thicknesses.  
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Fig. 4. EBSD IPF+BC maps representing grain orientations in the studied oxide layers: (a) 15 μm; (b) 20 μm; (c) 30 μm and corresponding equal area projections (d- 
f), upper hemisphere, half width 10◦, cluster size 5◦. Vertical bars depict range in units of spatial frequency both for gamma and α grains. For as-collected BC maps 
and associated histograms, please refer to Fig.S4 in Supplementary Materials available in the on-line version of this article. 

Fig. 5. Cross-sections of (a) thin and (b) thicker oxide layers before and after the γ→α phase transition is triggered, respectively. Top to bottom: TEM Bright Field, 
TKD IPF+BC in the growth direction and TKD Local Misorientation map (0 to 2.5◦); (c) High resolution view (HR TKD) of the metal/oxide interface in the 15 µm γ 
alumina layer with arrows denoting nanocrystals nucleated in the amorphous barrier layer; (d) Dark field STEM image of the metal/oxide interface; (e) TKD Phase 
map of the 20 µm thick oxide layer with highlighted {111}γ || (001)α, <110>γ || <120>α orientation relationships between α and γ phase boundaries. For as- 
collected BC maps and associated histograms, please refer to Fig.S5 in Supplementary Materials available in the on-line version of this article. 
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denoted by the red frame in Fig. 5b. This was mainly attributed to the 
misorientation within α grains (0.25◦ average) as confirmed in the phase 
map (Fig. 5e), while the γ phase grains retained on average more than 
twice the local misorientation (0.55◦). 

The orientation relationships {111}γ || (001)α, <110>γ || <120>α at 
the γ/α grain boundaries were examined, as illustrated in Fig. 5e. Only a 
few of these boundaries deviate from the expected relationships by less 
than 10◦ and the most frequent deviations range between 20◦ and 50◦, 
confirming the observation from the large scale EBSD maps (Fig. 4). 
This, together with significantly lower misorientation of α grains, in
dicates that formation of the alpha phase in this region is unlikely to be 
guided by parent gamma grain orientation. 

3.5. Distribution of alloying elements 

Apart from Al and O, PEO coatings on Al alloys often include minor 
amounts of substrate alloying elements whose distribution in the oxide 
layer is influenced by their solid-solution solubility and cationic 
mobility in the alumina matrix. The γ→α transition in PEO alumina may 
cause redistribution of these impurities as both their solubility and 
mobility in these phases will differ. Fig. 6 provides STEM, TKD and EDS 
maps of the alpha-rich zone in a plane parallel to the metal/oxide 
interface extracted from the 30 µm thick oxide sample (see Fig.S1c in 
Supplementary Materials available in the on-line version of this article). 

For the γ/α grain boundary shown in Fig. 6b, the gamma grain 

appears to be enriched in Mg with its concentration increasing towards 
the boundary (Fig. 6d), whereas adjacent α grains are lean in Mg. At the 
same time, Mg segregation is not detected at α/α or γ/γ boundaries. In 
addition to Mg being mainly confined within the gamma grain, 
increased concentrations of Fe, Mn, Mg and, to a lesser extent, Si can also 
be observed at the grain boundary (Fig. 6e-g). Moreover, nanosized 
precipitates containing Fe, Mn and Si (indicated by arrows in Fig. 6b) are 
prominent around the intergranular void formed at the γ/α grain 
boundary. The intergranular voiding and cracks (dark regions in Fig. 6a) 
could be due to shrinkage during phase transformation arising from the 
smaller molar volume of the α phase compared to γ. 

Another interesting observation is the bowing of the α/γ grain 
boundary around a small intragranular Mg-Fe impurity indicated by 
yellow circle in Fig. 6c. This suggests that the stable inclusion formed 
within the γ grain may have prevented the propagation of the α phase. 
Unlike intergranular gaps with precipitates observed previously, the two 
phases appear to be in an intimate contact at this boundary which is 
formed in the region with low concentration of impurities, so that only 
traces of elemental segregation can be seen at the interfacial region 
within the γ grain (Fig. 6h-k). 

4. Discussion 

The layered structure of the PEO coating has been first considered at 
the early stages of development of AC PEO technology, to account for 

Fig. 6. Elemental segregation at α/γ phase boundaries in the α-rich region of the 30 μm thick oxide layer: (a) HAADF-STEM image across multiple grains; (b) HAADF- 
STEM image illustrating nanoparticle precipitation at γ/α grain boundaries; (c) TKD+BC phase map; (d-g) EDS elemental maps of an impurity rich α/γ grain 
boundary shown in (b); and (h-k) EDS elemental maps of the region in (c) showing a low impurity α/γ grain boundary bowed around a small Mg-Fe precipitate 
(circled). For the as-collected BC map and associated histogram, please refer to Fig.S6 in Supplementary Materials available in the on-line version of this article. 
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the non-uniform wear rate, microhardness and porosity [16,38] as well 
as phase distribution evaluated by layer-by-layer XRD analysis [39,40]. 
It was found that the maximum microhardness and alpha phase content 
were displaced from the metal/oxide interface by 5 to 20 µm [41–46]. 
These findings were confirmed with a higher accuracy in more recent 
studies [19,47–50]. Although phase segregation in PEO coatings has 
been known for a long time, the question as to its origin is unresolved. In 
this work, two types of segregation have been observed: (i) segregation 
of alumina polymorphs across the coating thickness and (ii) impurity 
segregation accompanying the γ→α transition. 

The γ→α phase transition in alumina can be affected by various 
factors such as temperature, impurities, crystal size, electric field, in
ternal stress or pressure [3]. The location of alpha-rich bands suggests 
that the necessary and sufficient conditions for this transition are ful
filled only within a certain coating region. However, all reactions 
involved, including substrate oxidation and monotropic phase transi
tions, are exothermal, and the external electric field is necessary only to 
overcome activation energy in the overall reaction pathway [51]. The 
transition from the cubic γ to the trigonal α structure is reconstructive 
[52], i.e. it requires the 3D rearrangement of both anion and cation 
sub-lattices including impurities, therefore the activation energy for this 
process is high (5.0 to 5.2 eV) [53]. Considering the size of α grains (Dα 

= 2.0…3.5 μm, Fig. 2IV, 20μm) formed over a relatively short period of 
time (t ≈ 2 min, Fig. 1a), it is likely that the transition consumed most of 
the parent γ grains and is controlled by the mobility of grain boundaries. 
From the above data, the velocity of the grain boundaries, estimated as 
Dα/2t, can be inferred to be of the order of 10 nm s− 1, which corresponds 
to an effective temperature of at least 1200 ◦C [53]. This is unlikely to be 
the actual temperature sustained in such a close proximity to the Al 
substrate for any significant period of time without causing any 
noticeable damage to it (Fig. 4a-c). Therefore, thermal activation ap
pears not to be the sole mechanism enabling the α grain growth, and 
field assisted migration and dissolution-precipitation mobility routes 
should also be taken into account. 

4.1. The α-Al2O3 band generation mechanism 

Apart from the effects of pressure on alumina phase formation [54, 
55], the influence of anodising temperature on phase composition is 
well known. Hard anodising is typically carried out at sub-zero tem
peratures leading to the formation of amorphous oxide films with a 
thickness similar to that of the PEO coatings studied here [56]. At the 
same time, the formation of thinner α-alumina containing anodic films 
has been reported in molten salt baths, under moderate heating to 
150-200 ◦C which is much lower than the 800-900 ◦C required for 
initiation of the γ→α transition in bulk ceramics [57–59]. 

In the absence of apparent discharge events and associated conduc
tive microchannels during the post-sparking anodising stage, the electric 
field (E) developed under anodic polarisation can be considered uniform 
along the surface plane and non-uniform in the direction of the growing 
oxide layer [14,32]. Hence the system can be reduced to a simple 1D 
model, wherein in the main voltage drop occurs in the ‘active zone’ 
leading to a local increase in E near the metal/oxide interface, where the 
anodic reaction resulting in oxide formation takes place leading to the 
barrier layer being continuously renewed (Fig. 7a). This is supported by 
results of in situ impedance measurements showing that the barrier layer 
provides the largest resistance to charge transfer during both conven
tional anodising [60] and the PEO process [61]. The field remains 
relatively low through the remainder of the coating, termed the ‘product 
zone’ by analogy with a Plug Flow Reactor (PFR) in chemical engi
neering. While α-Al2O3 is chemically inert and dielectric, γ-Al2O3 may be 
hydrated, which will increase its conductivity, thereby reducing E in the 
gamma-rich regions of the coating. The α enriched region having a lower 
conductivity and reduced effective cross-section of more conductive 
phases would then provide a small local increase in electric field, as 
denoted by the dashed line in Fig. 7a. 

A high field in the narrow active zone leads to significant energy 
dissipation (Joule heating) within this region. The fact that Joule 
heating has been found to be the main source of heat during anodic 
processing [62,63] and observations of substrate temperature being 
noticeably higher than the surrounding electrolyte [64,65] support this 
argument. The temperature profile within the oxide layer can therefore 
be schematically depicted as shown by red line in Fig. 7b, with a 
maximum at the Joule heat source. Assuming that the thermal field 
alone provides the essential condition T > Tα

min for the γ→α transition, 
both the appearance of α-Al2O3 in the inner part of the coating and the 
presence of the outer region composed of only γ-Al2O3 phase (T < Tα

min) 
can be explained. However, such a temperature distribution cannot 
explain the existence of a broad γ-Al2O3 region beneath the α-Al2O3 
band, where the temperature is expected to be close to Tmax. 

Crystallisation of amorphous alumina proceeds by a nucleation and 
growth mechanism. During this process, gamma phase which is ther
modynamically metastable in a bulk form usually appears before 
α-Al2O3 because of its lower activation energy barrier for nucleation 
[66]. Due to the contribution of surface energy, fine γ grains remain 
thermodynamically favoured if their size is smaller than a certain critical 
size, Dγ

max [67,68]. Therefore, the condition D > Dγ
max becomes sufficient 

for the γ→α transition to actually occur at any coating location, where 
the essential condition (T > Tα

min) is satisfied. 

Fig. 7. Schematic illustration of the distributions in the oxide layer under 
anodic polarisation: (a) Electric field, (b) Temperature and γ-phase grain size 
and (c) Phase composition. 
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Our observations show that initially, the γ phase nucleates within the 
amorphous barrier layer formed at the metal/oxide interface (see nano- 
crystalline grains in Fig. 5b). This can explain the absence of an apparent 
orientation relationship with the underlying Al grains and significant 
misorientation between the gamma grains observed in EBSD maps 
(Fig. 4). The porosity band at the interfacial barrier layer (Fig. 2II) may 
preserve the fine gamma grains from enlargement. The origin of this 
band can be attributed to thermally induced dehydration of the primary 
amorphous hydrated alumina [32] with release of water vapour and 
formation of gamma aluminium oxide: 2Al(OH)3(s) = γ-Al2O3(s) +
3H2O(g). From the EBSD maps (Fig. 2IV), the size of the γ-Al2O3 grains 
tends to increase from the metal/oxide interface towards the coating 
surface. This may be due to recrystallisation via a hydrothermal dis
solution/precipitation mechanism which provides a trend opposite to 
the temperature distribution in the oxide layer, as illustrated by blue line 
in Fig. 7b. Considering the temperature and grain size distributions, 
there appears a region in the central part of the coating, where both 
conditions, T > Tα

min and D > Dγ
max, are met, and so the γ→α transition 

will occur there, at a sufficient rate (Fig. 7c). 

4.2. Elemental redistribution during phase transition in PEO alumina 

4.2.1. Impurity effects on the α→γ transition 
The phase composition and the associated properties of PEO coatings 

can be influenced significantly by the alloying elements present in the 
metal substrate. Thus, in PEO coatings formed on Al alloys with Zn (7xxx 
series), the amount of α-Al2O3 is significantly lower while the total 
coating thickness and oxide formation efficiency remain similar to those 
on 6xxx series alloys [40,50,69]. The presence of up to a few percent Si 
[40,70], Mg [71,72], Mn [73] and Sn [74] in Al alloys does not affect 
alpha phase formation in the corresponding PEO coatings, but higher 
concentrations of those elements become detrimental. An opposite trend 
is observed for Cu which may promote α-Al2O3 formation up to at least 
10 wt.% [75]. To the best of our knowledge, until now no comprehen
sive explanation has been provided as to the effects of alloying elements 
on phase composition of PEO alumina, although changes in specific 
conductivity of oxide [75], its melting point [70,74], and coating 
porosity [72] were considered as possible influencing factors. 

The thermodynamically favourable γ→α phase transition in alumina 
follows zero order kinetics [76] which can be controlled by impurities, 
at least for electrochemically grown alumina. The impurities (as indi
vidual or mixed oxides) can be classified into three groups according to 
their effect on the transition to the α phase:  

a) Inhibitors (Ca, Sr, Ba, La, Ce, Zr, Si) [77–82];  
b) Neutral (Co, Ni, Mg) [77,83];  
c) Promotors (Cu, Cr, Mn, Fe, Si) [77,82,84–86]. 

Inhibition is normally associated with stabilisation of a certain 
transition alumina polymorph and can be accounted for by occupation 
of vacancies in the cationic sub-lattice which collapses during the 
normal γ→α transition, thereby preventing reconstructive lattice rear
rangement as additional diffusion is required [87]. Promotion is 
explained by different mechanisms. For impurities that form oxides with 
lattices isostructural to α-Al2O3 (e.g. α-Fe2O3, Cr2O3), critical α nuclei 
can be formed at significantly lower temperatures [86,88]. For Cu and 
Mn additives, this sometimes is also attributed to the formation of a 
liquid phase at temperatures below the normal γ→α transition [81]. 
Additionally, crystalline SiO2 is known to promote the γ→α transition, 
whereas amorphous silica inhibits it [82]. 

In the 6082 Al alloy employed in this work, the main alloying 
element, Mg, is considered to be a neutral or slightly accelerating im
purity [80]. However, oxides of Fe and Mn impurities are accelerators. 
Since the amounts of impurities are normally quite small, the effect of 
such doping is difficult to distinguish from pure γ-Al2O3 by conventional 
XRD techniques. However, taking into account the statistically defined 

distribution of aluminium cations in the octahedral and tetrahedral sites 
of γ-Al2O3 spinel structure, the effect of an impurity X can be presented 
as formation of a solid solution with variable stoichiometry Al2.67-yXyO4 
in the doped gamma phase (γX). 

4.2.2. Effect of micro-segregation on alpha grain growth 
Let us consider a model γX oxide grain with initial (‘0’) impurity X 

concentration Cα
Xmin

< Cγ
X0

< Cγ
Xmax 

(Fig. 8a,b) located within the inner 
region of the coating, where the γ→α transition is allowed (see Section 
4.1). Here, Cα

Xmin 
and Cγ

Xmax 
denote impurity solubility limits in α and γ 

phases, respectively. A nucleus of the α-Al2O3 phase can form within the 
γX grain due to impurity content fluctuation. Once the nucleus reaches a 
critical size and becomes stable (‘1’), segregation into an X-lean α-Al2O3 
core (Cα

Xmin
) and an X-reach boundary with the γ matrix is formed after 

which steady α grain growth (‘1→2’) will be established. 
The steady state growth of the α grain may be interrupted for several 

reasons. Firstly, if Cγ
Xo is relatively low, the whole γ grain may be 

transformed, and existing γ grain boundaries will become a natural 
obstacle for propagation of the new α phase. Secondly, in γ grains with a 
higher initial impurity concentration Cγ

Xo, the α/γ grain-boundary 
mobility can be impeded when the impurity concentration in the 
boundary layer reaches the solubility limit Cγ

Xmax 
(e.g. see Fig. 6d, X =

Mg). At this point, the impurity oversaturated γX phase undergoes 
decomposition to the α phase (Fig. 8c, ‘3’) and a new stable spinel phase 
Al2XO4 or AlXO3 for divalent or trivalent impurities, respectively 
(Fig. 8c, ‘4’). Precipitation of the new phase forms a shell surrounding 
the α grain (see Fig. 8a, ‘spinel shell’), which stops further propagation 
of the α/γ grain boundary. Thus, increased impurity concentration in the 
parent gamma grain can limit the size of α-Al2O3 grain (Fig. 8b, Dα

max) 
even though it may be an impurity accelerating the γ→α transition itself. 

It is noteworthy that the above mechanism postulates two reaction 
pathways yielding α-Al2O3:  

a) Steady state growth of the α-Al2O3 grain by the γ→α transformation 
accompanied with impurity segregation because of different solubi
lity (path 1→2): 

γx
0→γx + α1 (1)   

b) Spinel shell formation by spontaneous decomposition of the over
saturated γX phase (path 2→3,4): 

γx
max→Al2XO4 + α2 (2)   

The primary reaction (1) is an interfacial conversion process limited 
by impurity diffusion taking place at the α/γ grain-boundary. The sec
ondary reaction (2) is a spinodal-like decomposition of an oversaturated 
γX phase which is also metastable in respect to the γ→α transition. As a 
result, formation of the primary α grain surrounded by a shell consisting 
of microcrystals of spinel and secondary α phase can be expected 
(Fig. 8d). Since the shell is thinner than the critical size of the α nucleus, 
secondary α grains are likely to coalesce with the primary α grain and 
only spinel particles can be identified at the boundaries (Fig. 6). 

4.2.3. Effect of macro-segregation on oxide layer morphology 
In addition to impurity micro-segregation, the proposed alpha band 

formation mechanism provides a plausible explanation for the macro
scopic segregation of alloying elements across the oxide layer. Fig. 9a 
combines spatial distributions of coating porosity, local α/γ percentage 
and concentration profile of the main alloying element, Mg. Before the 
γ→α transition, i.e. in the 15-μm thick coating, porosity and Mg con
centration profiles overlap, and once the transition is triggered, the 
formed α-rich band inversely correlates with both porosity and impurity 
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Fig. 8. (a) Schematic diagram of alumina grain undergoing γ→α phase transition; (b) Impurity (X) concentration profiles within γx-phase during growth of an α 
crystal (see text). (c) Composition-temperature binary phase diagram for a spinel-Al2O3 system. Dashed γ line represents hypothetic non-equilibrium solubility limit 
of impurity X in metastable γ alumina; (d) A magnified view of the dotted area in panel (b) clarifying details of spinel shell formation. Not to scale. 

Fig. 9. (a) Combined distribution profiles of coating porosity, γ-, α-phase and impurity concentrations across studied oxide layers; (b) Schematic illustration of the 
effect of local pH changes on solubility of various species. 

E. Bousser et al.                                                                                                                                                                                                                                 



Acta Materialia 244 (2023) 118587

11

concentration profiles, in the 20 and 30-μm thick coatings. 
The region of reduced impurity concentration in the inner part of the 

oxide layer widens as the coating grows, which could be linked to the 
micro-segregation induced by the γ→α transition (Sec. 4.2.1). Impurities 
accumulated at the grain boundaries and in secondary phase nano
particles formed at the intergranular voids (see Fig. 6b) may become 
mobile within the coating, through the interconnected pore network, via 
either particle migration or dissolution-precipitation mechanism. Under 
alternating polarisation, local electrolyte pH within the pores could 
deviate significantly from that in the bulk solution because of transport 
limitations (Fig. 9b). A combination of local pH favouring solubility with 
suitable electric field may drive dissolved species either outward or in
ward to/from the surface layer, depending on the speciation of soluble 
complexes and their charge. The same transport limitations within the 
porous structure will then lead to precipitation of insoluble compounds 
in other parts of the coating, where different local conditions (pH, 
temperature and composition) favour such precipitation. 

4.3. Control over the coating phase composition 

Summarising the discussion above, we propose an alternative model 
for the formation of α alumina in the surface layer during high-voltage 
anodising of Al alloys, which does not rely on cyclic melting- 
solidification of oxide micro-volumes by localised plasma discharges 
inherent to the conventional PEO process. According to this model, the 
region within the oxide layer, where necessary and sufficient conditions 
for γ→α transition are fulfilled, can be represented by a solid-state 
analogy of the Plug Flow Reactor model (Section 4.1 and Fig. 10a). 
The performance depends on the input flow of the γ-phase (F) formed in 
the interfacial barrier layer and the temperature profile T(x) in the 
coating that determine the kinetics of γ→α transition. In the steady state 
approximation (slowly changing processing parameters), the tempera
ture profile T(x), dimension (L) and residence time in the reactor are 
constant. 

The input flow F is controlled by the rate of coating mass gain, which 
is proportional to the current of the anodic reaction (Iox) according to 
Faraday’s law. Effective length and residence time are dependent on the 
temperature profile T(x), which is controlled by the current of ionic 
transport (Iloss) which, in turn, determines heat dissipated in the oxide 
layer. Meanwhile, anodic charge transfer during the PEO process can be 
represented by a simplified equivalent circuit as in Fig. 10b (dis
regarding electrolyte resistance) [32,89]. This circuit consists of resis
tance to ionic transport in the film (Rloss) connected in series with an RC 
loop comprising capacitance of the electric double layer (Cedl) connected 
in parallel with resistance to the interfacial anodic reaction (Rox). Both 
Iox and Iloss are linked to corresponding equivalent circuit resistances via 
Ohm’s law. Since the ratio of currents through Cedl and Rox is frequency 
dependent (Fig. 10c), F and T(x) parameters of the PFR are expected to 

be affected by the frequency of alternating current polarisation in 
different ways. Thus, there is a frequency range, wherein the extent of 
α-Al2O3 generation can be controlled (Fig. 10c, Pα), which can be used 
for optimisation of the phase composition of ceramic alumina formed in 
the post-sparking PEO stage. 

Further control over the surface morphology and phase composition 
can be achieved by the application of potentiostatic polarisation which 
provides non-stationary oxide growth conditions, with an electric field 
across the surface layer reducing over time. This work has demonstrated 
that such conditions can provide a nearly constant oxide growth rate 
(Fig. 10d) similar to that achieved by conventional AC and PB PEO 
treatments under galvanostatic control (constant electric field). Apart 
from a dramatic acceleration of the transition to the post-sparking stage 
(4 to 7 min, Fig. 1d) leading to noticeable refinement of the coating 
morphology, a clear benefit of such an approach lies in the significant 
reduction of the incubation period (~5 min, Fig. 10d) required for the 
formation of critical-size alpha nuclei that enable the γ→α transition. 
The incubation in reactive sintering of pressed Al2O3 ceramics at 1150 
◦C could take between 2 and 12 h [90] and up to 40 min in the 
state-of-the-art PEO processes [13,25,26]. Sigmoidal kinetics of the α 
phase growth observed following the incubation period (5 to 7 min, 
Fig. 10d) exceeds the total oxide growth rate, indicating that the γ→α 
transformation occurs spontaneously. This is consistent with the pro
posed α band generation mechanism which relies on the specific tem
perature distribution and parent γ grain size dependent triggering of the 
phase transition in the solid state. 

5. Conclusions 

This work has demonstrated a process window for growing relatively 
thin (20 to 30 μm), yet dense, crystalline anodic oxides enriched with 
high-temperature α-Al2O3 at near-to-ambient Al-alloy substrate tem
peratures. Formation of the α-Al2O3 phase and morphological refine
ment of the crystalline γ alumina matrix were promoted by applying 
bipolar voltage pulses that led to a transient current response behaviour 
with variable ratio R > 1, resulting in prompt and complete suppression 
of the interfacial plasma discharge characteristic of conventional PEO 
treatments. 

The α phase grains were formed spontaneously in the regions of 
crystalline anodic oxide where the appropriate temperature distribution 
and size of γ grains that are relatively free from impurities have been 
achieved, allowing sufficient mobility of α/γ grain boundaries. The 
mobility was assisted by migration of cationic impurities in the oxide 
layer sustained by their hydrothermal dissolution/precipitation and 
facilitated by concentration and pH gradients established within the 
microporous network permeable by electrolyte. 

Due to increased ionic mobility, the critical temperature required for 
activation of the γ→α transition in post-sparking anodising can be 

Fig. 10. (a) Schematic diagram of the Plug Flow Reactor model describing γ→α phase transition during the PEO process, where F is input flow of γ phase, T(x) is 
temperature profile along the reactor and L is effective reactor length; (b) A simplified equivalent circuit of anodic response of the PEO electrode; (c) Effect of pulse 
polarisation frequency on redistribution of anodic current via various routes and associated characteristics of the PFR reactor in quasi-potentiostatic regime; (d) 
Kinetics of α and γ phase contribution to the overall coating thickness during the PEO process. 
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reduced significantly compared to those in both reactive sintering of 
bulk alumina ceramics and conventional PEO processing of Al alloys, 
where such a transition is linked to the generation of micro-volumes of 
molten alumina by localised microdischarge events. This, together with 
shorter treatment times, minimises the risk of inflicting thermal damage 
to the metal substrate, which may be of particular concern for 
precipitation-hardened high-strength Al alloys. Moreover, the oxide 
layer growth and phase evolution in the post-sparking mode can be 
described by a simple quasi-stationary 1D PFR model which provides a 
useful framework for in-depth understanding of anodic oxides formation 
on light alloys by high-voltage electrochemical processing. 
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