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A B S T R A C T

This study extended the use of response surface methodology (RSM) to explore the experimental space, identify 
optimal conditions for deposition and drying, and assess factor interactions for zirconium conversion coatings on 
aluminium alloy 5754. Corrosion resistance in a dilute Harrison’s solution was evaluated using a non- 
electrochemical drop test and electrochemical techniques. Surface analysis supported the electrochemical find
ings obtained with the chosen RSM conditions. Unlike zinc and cold-rolled steel, AA5754 exhibits heightened 
sensitivity to the interplay of pH, conversion time, and H2ZrF6 concentration, which is attributed to the presence 
of intermetallic particles governing cathodic reactions and the subsequent conversion processes.

1. Introduction

It seems that practically important knowledge about zirconium 
conversion coatings (ZrCCs) is primarily documented in industrial re
ports and patents. Despite being accessible through databases, these 
sources are often restricted by paywalls, written in complex language, 
and frequently lack essential information needed for a fundamental 
understanding of their mechanisms. This, in turn, hinders the identifi
cation of pathways for improvement. Adding to the challenge, most 
scientific articles concerning ZrCCs primarily focus on evaluating and 
reporting their performance compared to prior literature findings. In 
this context, they often employ commercial ZrCCs with undisclosed 
compositions while paying little to no attention to the chemistry of Zr or 
other ZrCC bath additives. Building upon the insights from our 
comprehensive investigation into zirconium conversion coatings on 
cold-rolled steel (CRS) and zinc [1], this article extends the exploration 
to the traditional focus on aluminium alloys. Specifically, AA5754 was 
chosen due to its use as a substrate in the automotive industry [2]. This 
article continues our previous studies on thermodynamic and electro
chemical studies on zirconium conversion coatings on CRS, Zn and 
AA5754 [3,4].

The Design of Experiment (DoE) methodologies [5], particularly 
response surface methodology (RSM) [6,7], which has proven effective 

in our previous study, continue to guide our exploration of AA5754. This 
contrasts with the One Factor at a Time (OFAT) approach, which isolates 
one factor, risking a limited exploration of the experimental space and 
overlooking potential factor interactions [5,7]. While Zn and CRS 
demonstrate comparable corrosion behaviour in ZrCCs [1,8], resulting 
in visually uniform deposition [1], aluminium alloys introduce an added 
complexity by containing various intermetallic particles (IMPs). The 
latter often act as cathodic sites of increased alkalinity due to oxygen 
reduction reaction and consequent initiation sites for the precipitation 
conversion of zirconium species from the solution to the metal surface. 
This contributes to the development of notably thicker ZrCCs on these 
particles, yielding an inhomogeneous coating that is further susceptible 
to electrolyte leaching. Most studies on ZrCC were conducted on AAs of 
series 2xxx and 6xxx, while comparative studies on series 5xxx are 
relatively scarce [8,9]. Our previous study showed that ZrCC deposited 
in the conversion bath of 200 ppm H2ZrF6 for 10 min provided good 
corrosion protection for AA5754 in 0.5 M NaCl with impedance values at 
the frequency of 3 mHz in the range of MΩ cm2 after 3 days of immersion 
in 0.5 M NaCl [9]. AA5754 contains mainly (MnFe)Al6 with a much 
higher ratio of Fe/Mn = 7.8, with a Fe/Mn ratio of 0.8. Both IMPs are 
noble relative to the alloy’s matrix and act as local cathodes [9]. 
Consequently, it is expected that AA5754, will be even more sensitive to 
changes in conversion bath parameters than CRS and Zn [1] due to 
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different deposition mechanisms, with coatings being much thicker 
above IMPs (in the micron range) compared to the alloy matrix (in the 
nanometer range) [8–11].

In brief, RSM enables modelling relationships between multiple 
factors and the chosen response. It identifies factor interactions and 
determines whether the relationship is linear, quadratic, or more com
plex [6,7]. The three most influential factors in the ZrCC process defined 
after literature screening—pH, concentration, and conversion time 
[9–12]—should be investigated for their independent and interactive 
contributions. However, the primary challenge lies in adequately testing 
such thin coatings (thickness typically ranging between 10 and 
50–80 nm [8]).

To address this, a comparison should be made between destructive 
electrochemical techniques, such as potentiodynamic polarisation 
curves (PPC), and non-destructive electrochemical techniques, like 
electrochemical impedance spectroscopy (EIS) [13,14], along with an 
independent, non-electrochemical technique, such as “drop test” [15]. 
This comprehensive approach is crucial for a thorough understanding 
and assessment of ZrCC’s behaviour and performance. Further issues 
worth considering are the type of solution used to obtain relevant re
sponses. Typically, air drying stands out as the most straightforward 
post-treatment method for water-based coatings. Choosing the most 
appropriate corrosion protection assessment technique and selecting an 
electrolyte for electrochemically-based studies also add complexity to 
the process. Considering these factors is essential for a thorough and 
precise analysis, a consideration central to this study. Using a dilute 
Harrison’s solution (DHS) [16] has been suggested as appropriate for 
providing the trade-off between the aggressiveness of typical corrosion 
test electrolytes and the corrosion resistance of most substrates.

The aim of using RSM is to enhance the corrosion protection of ZrCCs 
and overcome challenges in evaluating thin film corrosion using elec
trochemical techniques and other assessment methods. RSM results in 
our previous study [1] indicate that conducting a drop test and EIS 
immediately post-conversion for CRS and after 24-hour air-drying for Zn 
can be an effective non-destructive screening method for ZrCC behav
iour. Furthermore, polarisation resistance from PPC was found to be a 
more convenient response than corrosion current density. EIS indicated 
that charge transfer resistance controls ZrCC corrosion on CRS, while 
diffusion control prevails on Zn. Additionally, a high-frequency time 
constant in EIS spectra on CRS suggested better corrosion protection and 
satisfactory ZrCC formation. On the other hand, on Zn at pH ≥ 4, EIS 
describes ZrCC thickness through the diffusion time constant, while at 
pH < 4, EIS captures the behaviour of porous ZnO formed during 
conversion.

With the increased sensitivity of aluminium alloys to process pa
rameters, it is reasonable to anticipate that the full utilisation of RSM, 
leading to the confirmation of predicted optimal results as observed in 
our previous study, may not be achievable. However, this does not 
preclude using RSM to evaluate and compare techniques in a manner 
similar to our previous study.

Using this interconnected approach, we believe that a cohesive un
derstanding of ZrCC performance on various substrates can be achieved, 
paving the way for the development of robust and versatile alternatives 
to traditional chromate conversion coatings (CCCs) and phosphate 
conversion coatings (PCCs), otherwise suffering from escalating strin
gency of environmental and health regulations [17,18].

2. Experimental

2.1. Materials

Aluminium alloy EN AW-5754 (denoted as AA5754) in the form of a 
1.5 mm thick panel was supplied by Impol 2000 d.d., Slovenska Bistrica, 
Slovenia. The following chemical composition was specified by the 
manufacturer: Mg 2.6–3.6 wt%, Mn 0–0.5 wt%, Si 0–0.4 wt%, Fe 
0–0.4 wt%, Cr 0–0.3 wt%, Zn 0–0.2 wt%, Ti 0–0.15 wt%, Cu 0–0.1 wt%, 

Al reminder.
Original panels were cut into smaller square sheet specimens 

measuring 2.5 cm × 3.5 cm, each featuring punched 3 mm diameter 
holes for convenient immersion into H2ZrF6 conversion baths. For sur
face analysis, samples were further cut out to sizes of up to 1 cm2.

2.2. Chemicals

The solutions used in this study were made using analytical reagent 
grade chemicals in their as-received state: absolute ethanol (EtOH, 
Merck KGaA, Darmstadt, Germany), NaCl (Fisher Scientific, Leicester
shire, UK), (NH4)2SO4 (Acros Organics Geel, Belgium), NH4HCO3 
(Sigma-Aldrich, Steinheim, Germany), H2ZrF6 (50 wt% in water, Sigma- 
Aldrich, Saint Louis, USA), CuSO4 × 5 H2O (Sigma-Aldrich, Saint Louis, 
USA), HCl (37 %, VWR International S.A.S, Fontenay-sous-Bois, France) 
Pb(CH3COO)2 × 3 H2O (Sigma-Aldrich, Saint Louis, USA). For chemical 
pretreatments, SurTec®’s chemical products (SurTec International 
GmbH, Bensheim, Germany), supplied by SurTec Adria, d.o.o. (Ljubl
jana, Slovenia) were used: SurTec® 089, SurTec® 132, SurTec® 141 and 
SurTec® 496. SurTec® 089 is a detergent booster concentrated liquid 
product containing non-ionic surfactant alcohols in ethoxylated forms of 
amines, alkyls and fatty alcohols. SurTec® 132 is a slightly alkaline 
builder, free of silicates and surfactants, containing tetrapotassium py
rophosphate. SurTec® 141 is an alkaline builder, free of surfactants, 
containing phosphates, sodium tetraborate and silicates. SurTec® 496 is 
a high-end desmutting concentrated liquid product containing sulfuric 
acid, iron(III) salts, nitric acid and hydrofluoric acid.

The solutions were prepared utilising Milli-Q Direct water from 
Millipore in Billerica, Massachusetts, USA, characterised by a resistivity 
≥ 18.2 MΩ cm at 25 ◦C. Water with a total organic carbon (TOC) value 
below 5 ppb was employed for both rinsing samples and preparing 
solutions.

2.3. Samples and solutions preparation

2.3.1. Grinding
The initial step in sample preparation involved manual wet-grinding 

using SiC papers up to P4000 grit on a LaboPol-5 grinding/polishing 
machine operating at 300 rpm (Struers, Ballerup, Denmark). The deci
sion to grind up to a P4000 grit was made to ensure appropriate 
roughness (Ra ≈ 20–30 nm) for applying nanometric ZrCC coatings, 
given that the resulting roughness is established to be within the 
nanometric range. Following the grinding process, the samples under
went a 5-minute ultrasonication in absolute ethanol using a 37 kHz, 
100 % power Elmasonic P ultrasonic bath for cleaning. Subsequently, 
the samples were rinsed with absolute ethanol and Milli-Q water before 
being dried using compressed N2.

2.3.2. Chemical pretreatment
Before conversion, chemical pretreatment was carried out using 

alkaline cleaning and desmutting. The specimens were immersed in the 
respective SurTec® solutions on a C-MAG HS 7 magnetic hotplate stirrer 
(IKA®-Werke GmbH & Co. KG, Staufen, Germany). The stirring rate was 
set at 150 rpm, and the temperature was maintained at 60 ◦C, except for 
the desmutting step, which was conducted at room temperature. The 
procedure following the laboratory-adapted recommendations provided 
by SurTec for aluminium alloys was used: a 10 min alkaline cleaning in 
3 vol% (30 mL/L) SurTec® 132 + 0.5 vol% (5 mL/L) SurTec® 089, 
pH= 7.4, followed by a 3 min acid desmutting in 20 vol% (200 mL/L) 
SurTec® 496, pH= 0.3. Glass beakers with a volume of 500 mL were 
employed for rinsing step.

Following each alkaline cleaning/desmutting step, a thorough dou
ble rinse with Milli-Q Direct water was conducted through two distinct 
steps: (i) an approximately 30-second vigorous circular rinse using a 
wash bottle on both sides of the sample, and (ii) a 1-minute immersion in 
a clean Milli-Q Direct water bath. Given the heightened sensitivity of 
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ZrCCs to alkaline contamination, a minimum of two rinses is mandated 
between the cleaning and coating stages [19]. The primary objective of 
the chemical pretreatment step was not only to eliminate impurities but 
also to establish a hydrophilic surface conducive to successful zirconium 
conversion [20]. A simple "water-break test" served as an indicator of 
effective surface cleaning, wherein the rinse water uniformly coated the 
entire sample surface after cleaning [21,22].

2.3.3. Conversion treatment
Immediately after the chemical pretreatment, the samples, which 

retained a fully wet surface, were submerged into H2ZrF6 conversion 
baths. These baths featured various combinations of factor settings pre- 
established by the selected RSM design (vide infra).

As the precipitation of zirconia from H2ZrF6 tends to occur at a 
relatively low pH range of 3–5 [3,8], the H2ZrF6 solutions were prepared 
by initially diluting a 50 wt% H2ZrF6 solution in a small volume of 
water. The solution was then filled up to the final volume, with the pH 
adjusted under vigorous stirring using a diluted (15 wt%) NH4HCO3 
solution, which also serves as a buffer to extend the lifespan of the 
prepared baths [21]. The pH was monitored using a pH meter 827 
pH-lab connected to a Solitrode HF combined pH electrode suitable for 
measurements in HF and F− -containing solutions (Metrohm AG, Her
isau, Switzerland).

Conversion baths were set up in Teflon beakers (V = 250 mL). 
Samples were immersed in these baths and suspended from a plastic 
stick. The prepared H2ZrF6 solutions were stored in polyethylene bottles 
due to the release of HF with increased pH [3]. Samples were gently 
moved back and forth through the conversion bath intermittently to 
allow fresh solution access to the surface, a practice occasionally 
observed in industrial settings with manual immersion.

After the conversion process, the samples were rinsed in two stages: 
(i) a vigorous circular rinse on both sides using a wash bottle for 
approximately 30 seconds, and (ii) a 1-minute dip in a clean Milli-Q 
Direct water bath. The samples were then dried with a stream of com
pressed N2 from bottom to top, followed by an additional 10 minutes of 
drying on a C-MAG HP 4 hotplate (IKA®-Werke GmbH & Co. KG, 
Staufen, Germany) at 80 ◦C, following common industrial practices. 
Additionally, one set of AA5754 samples designated for drop tests and 
electrochemical measurements was left to air-dry for 24 hours to assess 
the influence of drying on the results.

2.4. Response surface methodology

After an extensive review of the existing literature, we explored a 
range of H2ZrF6 concentrations from 150 to 1500 ppm, pH levels from 3 
to 5, and conversion durations from 60 to 900 seconds. These parame
ters mirror those employed in our previous work [1].

The exploration of this range through a central composite design 
(CCD) within the framework of response surface methodology (RSM) led 
to the variation of all factors at five levels (Table 1, Fig. S4): concen
tration was varied at 150, 424, 825, 1226 and 1500 ppm, pH was varied 
at 3.0, 3.4, 4.0, 4.6 and 5.0 and conversion time was varied at 60, 230, 
480, 730 and 900 s. Only the centre point (825 ppm/480 s/pH 4.0) was 
sextuplicated, according to the postulation of RSM. In contrast to pre
vious work [1], where such a wide parameter range led to identifying 
the best-performing regions, the experimental design in the case of 
AA5754 required two extensions with additional runs (Table 2). Nar
rowing down a part of the experimental space that indicated the best 

conditions, namely concentration variations at 150, 656 and 825 ppm, 
pH values at 3.4, 4.0 and 4.3 and conversion times at 355, 418 and 480 s, 
resulted in a D-optimal experimental design.

The main text includes only the RSM plots after the last augmenta
tion focused on the concentration region 150− 825 ppm, pH 4− 4.6 and 
conversion time between 230− 480 s. Tabular RSM results, along with 
all additional information necessary for understanding the execution of 
RSM in this work, including augmentations, ANOVA (analysis of vari
ance) test results, and model adjustments for each RSM response, are 
provided in the Supplementary material, Sections 2 and 3. RSM was 
performed via Design-Expert software version 13 (Stat-ease, Inc., Min
neapolis, MN, USA).

To assess the sensitivity and feasibility of observing the effects of 
conversion bath parameters, corrosion resistances of ZrCC-coated 
AA5754 samples assessed by non-electrochemical and electrochemical 
methods were selected as RSM responses. For clarity and ease of 
comprehension, a flowchart detailing sample preparation, measure
ments, and important factors considered is provided in Fig. S1.

2.4.1. Non-electrochemical measurements
Initially, a direct and non-electrochemical method called the drop 

test was employed. This method involves measuring the time in seconds 
required for the coating to completely dissolve, as indicated by a colour 
change signifying that the reduced reagent cations have reached the 
bare metal surface. For AA5754, "Akimov’s reagent" [15] was utilised 
(82 g/L CuSO4⋅5 H2O, 33 g/L NaCl, and 13 mL/L of 0.1 N HCl, pH=3.6). 
The time required for colour was measured using a stopwatch. The 
response obtained from this approach is denoted as the "protective 
ability" (PA); the longer the time for colour change, the better the PA. PA 
measurements were performed after a 10-minute conversion and 
10-minute drying period at 80 ◦C and after 24 hours of air drying. 
Notably, determining the exact endpoint of the colour change with this 
method was somewhat subjective, with timing variations of a few sec
onds. However, the method remains effective for detecting changes 
when the time difference is above 10 seconds. A representative example 
is given in the video in the Supplementary material.

2.4.2. Electrochemical measurements
Electrochemical experiments were conducted utilising a Multi 

Autolab/M204 potentiostat/galvanostat from Metrohm Autolab, 
Utrecht, Netherlands, controlled by Nova 2.1 software. Measurements 
were carried out in custom-made "clamp-on" electrochemical cells 
(250 mL) designed for flat, thin-coated samples with reduced suscepti
bility to crevice corrosion [23]. The cell components were specially 
fabricated and assembled by bonding with the strong 1-component 
solvent adhesive ACRIFIX® 1S 0116 (Evonik Performance Materials 
GmbH, Darmstadt, Germany).

The electrochemical setup comprised a three-compartment system: 
the sample served as the working electrode (WE), attached at the bottom 
by pressing against an o-ring to facilitate the escape of gas bubbles 
generated during cathodic reactions, thereby minimising the risk of 
crevice corrosion. A carbon rod acted as the counter electrode (CE), and 
a saturated Ag/AgCl (3 M) electrode served as the reference electrode 
(RE) at E = 0.297 V vs. the standard hydrogen electrode, positioned near 
the WE to reduce uncompensated IR drop. All potentials are referenced 
to the Ag/AgCl (3 M) scale. The working electrode’s area was 0.785 cm2, 
and measurements were conducted under ambient conditions.

Before electrochemical measurements, samples were allowed to rest 

Table 1 
Summary of central composite design (CCD) before augmentation.

Factor Name Units Type SubType Min. Max. Coded Low Coded High Mean Std. Dev.

A pH ​ Numeric Continuous 3.00 5.00 − 1 ↔ 4.00 + 1 ↔ 4.59 4.08 0.4582
B t s Numeric Continuous 60.00 900.00 − 1 ↔ 230.27 + 1 ↔ 480.00 439.03 194.78
C c ppm Numeric Continuous 150.00 1500.00 − 1 ↔ 150.00 + 1 ↔ 825.00 693.16 377.00
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at the open circuit potential (OCP) and monitored until reaching a quasi- 
stable state, usually after 1 hour [24]. Subsequently, electrochemical 
impedance spectra and potentiodynamic polarisation curves were 
measured. This choice was made to avoid electrode alteration due to an 
excessively high amplitude used in EIS for this case.

EIS measurements were taken at the OCP with a perturbation po
tential amplitude of ± 10 mV (root mean square). A series of 51 loga
rithmically spaced frequencies were applied over 7 decades, spanning 
from 100 kHz to 10 mHz. The NOVA 2.1 software was employed to fit 
the EIS data to the equivalent circuit model using the Levenberg- 
Marquardt optimisation algorithm.

PPC measurements were carried out in the potential range from 
− 150 mV vs. OCP to 1 V vs. the reference electrode in the anodic di
rection until the current reached 1 mA or 1 V, with a scan rate of 
1 mV s− 1. The Tafel extrapolation method was used to extract corrosion 
parameters (corrosion potential, Ecorr, and corrosion current density, 
jcorr) from PPCs, and polarisation resistance (Rp) was calculated ac
cording to the ASTM G59–97 standard [25] using Nova 2.1 software. 
The assessment was conducted according to the rule [24], which spec
ifies that the linear Tafel region should span at least one order of 
magnitude in current density and preferably two decades for more ac
curate extrapolation [24]. In most cases, we could use one decade on the 
cathodic branch and two, but often three, on the anodic branch.

The electrolyte used in the study was a dilute Harrison’s solution 
(3.5 g/L (NH4)2SO4 and 0.5 g/L NaCl, pH = 5.2), commonly employed 
for simulating atmospheric conditions and striking a balance between 
solution corrosivity and the ability to rank corrosion properties among 
different ZrCCs.

Various electrochemical responses were employed in RSM: Rp was 
evaluated using both EIS and PPC, whereas jcorr was derived from PPCs. 
The criteria for selecting best-performing preparation conditions were 
based on maximal Rp and minimal jcorr.

2.4.2.1. EIS experimental details. EIS experimental details are elabo
rated in the previous article [1]. Similar to prior work [1], the analysis of 
EIS spectra from a larger sample set is leveraged to reveal various time 
constants. Additionally, the choice of the equivalent electrical circuit 
(EECs) is based on a prior understanding of substrate and ZrCC behav
iour in NaCl-containing solutions, comparing specific time constants’ 
presence/absence relative to bare substrates.

Post-EIS measurements, samples were examined for stability, cau
sality, and linearity by analysing raw AC potential and current data 
through Kramer-Kronig’s test, Lissajous, and AC current / AC potential 
resolution plot [26] (not shown). NOVA software, equipped with 
accessible raw EIS data analysis tools, was employed for this purpose.

The suggested EECs for fitting EIS spectra incorporate the minimum 
essential elements for interpreting the data (inset in Fig. 2a), adhering to 
Occam’s razor principle [26]. The focus was on attaining a predictive 
model that captures significant electrochemical processes rather than an 
overly complex fitting model. While the proposed models are tentative, 
they have proven valuable in interpreting the impact of conversion bath 
parameters. The number of time constants was determined based on a 
visual examination of Nyquist and Bode plots, ensuring symmetry in 
phase angle peaks and capacitive arcs and analysing fit residual errors. 
Periodicity in residual error analysis indicated the potential omission of 
certain time constants [27]. In particular, while the symmetry of phase 
angle in Bode plots for ZrCC-free samples and the analysis of residual 
errors suggest the inclusion of additional time constants, likely 

corresponding to aluminium oxide and charge transfer at the electro
lyte/metal interface, we employed a single time constant to fit all EIS 
spectra of AA5754 incorporated into a simple Randels circuit ([R1 
(R2CPE1)]). Here, R1 represents the electrolyte resistance, R2 accounts 
for defects formed during exposure, and CPE1 represents the interfacial 
capacitance where these reactions occur. Presumably, contributions 
from pore impedance and charge transfer resistance are summed within 
Rp, simplifying the system to R1+R2 +R3 + ⋯+Rn= Rp. This choice still 
maintained the significantly improved Rp values in ZrCC-free samples. 
Constant phase element (CPE) instead of capacitor (C) was employed to 
compensate for the distribution of relaxation times caused by surface 
inhomogeneities [28].

2.5. Surface analysis

Surface analysis was conducted using scanning electron microscopy 
(SEM) combined with energy-dispersive X-ray spectroscopy (EDS). After 
grinding AA5754 samples up to 4000 grit, an additional polishing step 
was carried out using a 1 µM diamond suspension Dia-Duo 2 on an MD- 
Nap polishing cloth (Struers, Ballerup, Denmark). The polishing was 
followed by cleaning and conversion steps in Petri dishes with non- 
stirred solutions, chosen due to the smaller sample size than those 
used for non-electrochemical and electrochemical measurements. Af
terwards, samples were allowed to air-dry for 24 hours.

SEM analyses were conducted using a field emission SEM JSM 
7600 F, JEOL, Japan, equipped with EDS (Inca Oxford 350 EDS SDD). 
SEM images were captured in secondary electron (SE) and back- 
scattered modes, employing a concentric back-scatter (CBS) detector. 
Beam voltages of 5 kV and 15 kV were applied, with the latter chosen for 
its higher penetration depth, specifically to detect intermetallic particles 
in AA5754. Before analysis, the samples were coated with a thin carbon 
layer to mitigate the charging effect.

3. Results and discussion

3.1. Electrochemical results

In the main text, plots of discussion-relevant electrochemical results 
are separated from those that present the electrochemical results for the 
coatings prepared using all conversion bath parameters used in RSM 
(Table 1). Tabular electrochemical results are presented in Supple
mentary material, Section 1.

3.1.1. Potentiodynamic polarisation curves
A consistent cathodic shift is generally observed across all AA5754- 

ZrCC-treated samples (Fig. 1a-c, Table S1) - except for the sample 
ZrCC deposited at 825 ppm/60 s/pH 4. This shift is accompanied by an 
extension of the passive region within the ZrCCs, especially for samples 
150 ppm/230 s/pH 4.6 and 150 ppm/480 s/pH 4.6, the latter showing a 
slightly more extended prolongation as compared to ZrCC-free samples. 
Conversely, for the alkaline-cleaned and alkaline-cleaned and desmut
ted samples, an anodic shift is noticeable, alongside a reduction in jcorr. 
However, for the alkaline-cleaned and desmutted sample, a pitting onset 
occurred at a significantly more negative potential compared to the 
alkaline-cleaned sample. The jcorr of ZrCC-treated samples exhibit min
imal divergence. Nevertheless, it is worth noting that the samples 825 
ppm/480 s/pH 3.0 and 825 ppm/480 s/pH 4.0 stand out, suggesting a 
potential adverse impact of lower pH and higher concentrations, for the 

Table 2 
Summary of central composite design (CCD) after the second augmentation.

Factor Name Units Type SubType Min. Max. Coded Low Coded High Mean Std. Dev.

A pH ​ Numeric Continuous 3.41 4.59 − 1 ↔ 4.00 + 1 ↔ 4.59 4.08 0.4582
B t s Numeric Continuous 230.27 480.00 − 1 ↔ 230.27 + 1 ↔ 480.00 439.03 194.78
C c ppm Numeric Continuous 150.00 825.00 − 1 ↔ 150.00 + 1 ↔ 825.00 693.16 377.00
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Fig. 1. Potentiodynamic polarisation curves in dilute Harrison’s solution recorded for AA5574: a) chosen results for discussion, b) results of central point repetitions, 
and c) results obtained under the remaining conditions. dE/dt = 1 mV/s. Rest periods at OCP were 1 h. A clearer presentation of the PPC curves, separated into 
additional graphs for better distinction from Fig. 1c, is available in Supplementary material, Fig. S2.
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latter, particularly within the middle to higher pH range. Thus, these 
findings permit the implementation of electrochemical parameters 
deduced for PPCs as responses for RSM. However, it is necessary to 
employ ANOVA in RSM to identify significant differences 
(Supplementary material, Section 3).

3.1.2. Electrochemical impedance spectroscopy data
Transmission electron microscopy analysis at the cross-section of 

Šekularac et al. [10], confronted with the barrier layer theory of Mac
Donald [29], showed a tri-layer (the bottom and middle that cannot be 
easily distinguished and a distinguished top layer) structure of ZrCC on 
an AA3003 alloy which preserved overall thickness during a 5-day im
mersion in 0.5 M NaCl. However, the bottom layer thickened due to the 
incorporation of substrate and substrate alloying element corrosion 
products. The top (outer) layer preserved the Zr content with exchanged 
F− with Cl− ions from the solution. However, the middle layer, con
sisting mainly of ZrO2, experienced the least alteration. This contrasts 
CCCs [11], which contain chromate corrosion products and a porous 
CCC layer separated from the substrate by a dense barrier layer [29]. Zr 
in ZrCC does not change its valency state, unlike Cr, meaning that the 
corrosion products formed only pertain to the underlying substrate.

One time constant is observed in all Nyquist plots for ZrCC-AA5754 
(Fig. 2, Table S2). However, in all cases, significantly smaller capacitive 
arcs in the Nyquist plot obtained for ZrCC-coated samples than ZrCC- 

free samples do not favour the higher corrosion protection offered by 
ZrCCs, as would be concluded based on PPC results (Fig. 1).

The reason for this will be explained in the section below on SEM 
micrographs (see below Figs. 5–6), which show cracking of remarkably 
thicker ZrCCs on Al-Fe intermetallic particles (IMPs). According to the 
results, the best-performing samples are at low concentration 
(150 ppm), low to middle conversion time (230–480 s) and higher pH 
(4.6), which approached the corrosion resistance of the bare sample. In 
addition, corrosion resistivity among ZrCC-free samples follows the 
sequence alkaline-cleaned + desmutted > alkaline-cleaned > bare.

Owing to the same low-frequency limit applied in measurements 
(0.01 Hz), the EEC employed herein is similar to one used by Buchheit 
et al. [30] with only a one-time constant (R2-CPE1), i.e. EEC from 
Fig. 2a). It should be noted that the inductive behaviour at low fre
quencies observed in the Nyquist spectra (Fig. 2), was without any 
discernible pattern. Moreover, this inductive behaviour was not asso
ciated with pitting, as confirmed by visual analysis (not shown). Instead, 
it appears to be caused by surface roughness, adsorption effects, or ion 
exchange from the solution [31,32] (potentially involving Cl− and F− , as 
shown by the XPS study by Šekularac et al. [11]).

3.2. RSM results

As pointed out in our previous work [1], thin film results, typically 

Fig. 2. EIS results (Nyquist plots) in dilute Harrison’s solution for AA5574: a) chosen results for discussion with an inset of EEC used for EIS fitting of all samples, b) 
results of central point repetitions, c) results obtained under the remaining conditions. A clearer presentation of the EIS spectra, separated into additional graphs for 
better distinction from Fig. 2c, is available in Supplementary material, Fig. S3.
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within a similar range, may yield statistically unreliable data. A larger 
sample size, such as in RSM, is crucial when the effect size is too small for 
statistical significance, enhancing the test’s power for detecting signif
icant differences [5–7,33]. The ZrCC results of interest are contrasted 
with both bare and chemically pretreated samples, collectively referred 
to as "ZrCC-free" samples.

3.2.1. RSM for protective ability
Based on ANOVA analysis (the Supplementary material, Section 3), it 

can be inferred that the model is significant; however, the lack-of-fit is 
also significant.2 Based on p- and F-values, the two most significant 
model terms for PA after 10 minutes are linear terms of conversion 
time and concentration. However, the significant lack-of-fit, despite 
sufficient R2 and adequate precision values, indicates that the model is 
unreliable. The response surface in Fig. 3a is presented herein as it de
picts the obtained data but cannot be used for characterisation or opti
misation.3 However, from (Fig. 3a and Table S3), it can be observed that 
PA values are higher at lower concentrations of 150 ppm than at 
825 ppm.

On the other hand, based on ANOVA analysis in the Supplementary 
material, Section 3, it can be inferred that the model for the PA after 
24 hours is significant, with the lack-of-fit being insignificant.

The response surface equation in terms of actual factors for PA after 
24 h is given in Eq. 1: 

1 / (Sqrt (PA after 24h)) = 0.093508 + 0.000089 × t + 0.000054 × γ(1)

Similarly, based on p- and F-values, the two most significant model 
terms for PA after 24 hours are linear terms of conversion time and 
concentration. R2 and adequate precision values confirm that the model 
is reliable enough to characterise the process.

Eq. 1 translates to RSM plot in Fig. 3b showing a marked enhance
ment after 24 hours for all samples, although with reduced predictive 
variability at higher concentrations compared to the 10-minute time
frame (Fig. 3a). This phenomenon is likely due to the development of a 
more densely packed film formed upon exposure to air, potentially 
involving the growth of a native alumina film within developed pores/ 
cracks, taking into account the Pilling-Bedworth ratio, as shown in [1]. 
Drop test results of ZrCC-free samples also follow that trend, with 
alkaline cleaned + desmutted sample showing the highest PA value 
(52 s) (Table S3).

However, the pH does not emerge as a significant, i.e. influential 
factor in determining PA within both timeframes, evidenced by a lack of 
curvature and ANOVA analysis in the Supplementary material, Section 
3. Moreover, while the RSM plots do not attain an optimal point, they 

serve as valuable guides for narrowing the experimental space down to 
lower concentrations and shorter conversion times.

In summary, based on drop test results, AA5754 shows better pro
tective ability with prolonged drying at lower concentrations and 
shorter conversion times, with pH not being a significant influencing 
factor.

3.2.2. RSM for corrosion current density
Based on ANOVA analysis (see the Supplementary material, Section 

3), it can be inferred that the model for jcorr is significant, with the lack- 
of-fit being insignificant, although with a relatively low probability. 
Furthermore, based on F-values, the two most significant model terms 
are the linear terms of conversion time and the interaction term of 
conversion time and concentration. However, relatively low R2, 

regardless of sufficient adequate precision values, suggest the model is 
not reliable. These results imply that jcorr might not be the most 
appropriate parameter for evaluating ZrCC performance, even though it 
accurately depicts the obtained data.

3.2.3. RSM for polarisation resistance from Tafel extrapolation
Based on ANOVA analysis in the Supplementary material, Section 3, 

it can be inferred that the model for Rp from Tafel extrapolation is sig
nificant, with the lack-of-fit being insignificant. All three factors were 
found to have an effect, either the main or interaction, as shown in Eq. 3; 
however, based on F-values, the two most significant model terms are 
the interaction term between conversion time and concentration and 
linear term of concentration. Moderately high R2 and adequate precision 
values suggest the model is reliable enough to characterise the process.

The response surface equation in terms of actual factors for Rp Tafel 
extrapolation on AA5754 is given in Eq. 2: 

1 / (Sqrt(Rp Tafel extrapolation)) = 0.010104 − 0.001627 × pH −
4.93342× 10⁻⁶ × t − 0.000018 × γ + 3.50121× 10⁻⁶ × pH × γ 
+ 1.00561× 10⁻⁸ × t × γ                                                                (2)

Eq. 2 translates to RSM plots in Fig. 4a,b and Table S3, where the 
best-performing region for Rp obtained through Tafel extrapolation of 
PPCs is predicted at higher pH levels (4.3–4.6), with a low concentration 
(150 ppm) and a conversion time (480 s). This starkly contrasts with 
higher concentrations (825 ppm), where a marginal increase in Rp is 
observed at shorter conversion times (230 s) and lower pH values (4.0).

3.2.4. RSM for EIS results
Based on ANOVA analysis in the Supplementary material, Section 3, 

it can be inferred that the model for Rp from EIS is significant, with the 
lack-of-fit being insignificant. All three factors were found to have an 
effect, either the main or interaction, as shown in Eq. 3; however, based 
on F-values, similar to Rp from Tafel extrapolation, the two most sig
nificant model terms are the interaction term between conversion time 
and concentration and linear term of concentration. Moderately high R2 

and adequate precision values suggest the model is reliable enough to 
characterise the process.

The response surface equation in terms of actual factors for Rp Tafel 
extrapolation on AA5754 is given in Eq. 2: 

1 / (Sqrt (Rp EIS)) = 0.012297 − 0.001988 × pH − 6.05195× 10⁻⁶ 
× t − 0.000022 × γ + 4.36398× 10⁻⁶ × pH × γ + 1.17673× 10⁻⁸ 
× t × γ                                                                                          (3)

Eq. 2 translates to RSM plots in Fig. 4c,d and Table S3 that closely 
resemble the Rp from Tafel extrapolation (Fig. 4a,b), indicating a strong 
correlation. Specifically, the best-performing conditions are once again 
projected at higher pH levels (4.3–4.6), accompanied by a low concen
tration (150 ppm) and a medium conversion time (480 s).

3.2.5. Comments on the overall feasibility of RSM models for AA5754
RSM results for AA5754 are summarised in Table 3 (for complete 

2 The F-value in an ANOVA is calculated as: variation between sample means 
divided by variation within the samples. The higher the F-value, the higher the 
variation between sample means relative to the variation within the samples. 
The coefficient of determination (R²) is a number between 0 and 1 that mea
sures how well a statistical model predicts an outcome. In RSM, centre points 
are typically the only repeated runs. They are particularly useful because the 
optimal response is often expected near the centre of the design space, 
enhancing prediction accuracy in that region. However, replication is not 
restricted to the centre—experiments can be repeated in other areas if greater 
precision is required. Regardless of location, replication allows for estimating 
pure error, which represents the system’s natural variability under identical 
conditions. This pure error is essential for the lack-of-fit test, which evaluates 
whether the model adequately describes the data. The lack-of-fit test compares 
the variation unexplained by the model to pure error. If the lack-of-fit F-value is 
not significant, it suggests the model fits well, meaning deviations from pre
dictions are likely due to random noise rather than systematic errors. In other 
words, the differences between predicted and actual values stem from random 
fluctuations rather than model inadequacy, indicating a good fit.

3 Points above the design indicate measured values exceeding the predicted 
surface, while points below the design indicate those below, reflecting a dif
ference between predicted and actual observations.
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Fig. 3. RSM plots for AA5754 (after the second augmentation) for different responses: (a) PA after 10 min, (b) PA after 24 h at pH = 4.0. The extent of results is 
represented on colour scales above the graphs. Measured points denoted by red and pink circles are located above or below predicted values, respectively.

Fig. 4. RSM plots for AA5754 (after the second augmentation) for different responses: (a-b) Rp Tafel and (c-d) Rp EIS for concentrations γ(H2ZrF6) of 150 and 
825 ppm. The extent of results is represented on colour scales above the graphs. Measured points denoted by red and pink circles are located above or below 
predicted values, respectively.
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results, please see Supplementary material, Section 3). The PA after 
10 minutes can be used only for characterisation, making less physical 
sense than after 24 hours, which is more convenient for characterization 
and optimisation. The jcorr model is the least suitable, while the Rp from 
Tafel extrapolation is better for characterisation. Once again, as shown 
in our previous work [1], Rp from EIS remains the most suitable for both 
characterisation and potential optimisation, as it shows the lowest 
discrepancy in criteria for the difference between predicted and adjusted 
R2 compared to other electrochemical responses.

3.3. Surface analysis by SEM/EDS

Following developing an empirical model through RSM and esti
mating the main and potential interaction effects of specific factors, an 
SEM analysis was conducted on the most scientifically interesting sam
ples to support and substantiate the observed RSM response results.

Only the Zr, O and Al contents obtained through EDS were deemed 
relevant for discussion. The atomic percentages of these elements, along 
with the locations where EDS spectra were acquired on SEM micro
graphs, are depicted in Figs. 5–6. Comprehensive EDS analyses can be 
found in Supplementary material, Section 4 (Figs. S7-S8). The coating 
density significantly impacts the depth of electron penetration. The 
density may be noticeably reduced in practical scenarios, leading to a 
faster beam arrival at the substrate. Our Monte Carlo simulations (not 
shown) reveal that on the AA5754 matrix, the penetration depth is 
60 nm at 3 kV, 230 nm at 5 kV, and 1560 nm at 15 kV, assuming a 
model thickness of 20 nm. Additionally, for AA5754 IMPs, the pene
tration depth is 70 nm at 3 kV, 130 nm at 5 kV, and 950 nm at 15 kV, 
using a model thickness of 1000 nm.

Given that the penetration depth presumably exceeds the coating 
thickness (typically ranging from 10 to 70 nm on all substrates, 
excluding IMPs [8]) for AA5754 IMPs, 15 kV is sufficient to detect the 
IMPs. However, it is likely not adequate to grasp its thickness fully under 
various ZrCC parameter settings. Furthermore, considering peak over
lapping, especially that of F and Fe [34], assessing the quantitative 
impact of concentration and conversion time on ZrCC thickness is un
reliable [35,36]. Nevertheless, both thickness and coating density can be 
indirectly inferred.4

AA5754 alloy contains (MnFe)Al6, α-(MnFe)3SiAl12, [37] AlFe3, 
Mg2Si and, sporadically, Al6CuMg4 IMPs [38]. High Fe:Mn ratios 
observed from EDS spectra on bare and chemically pretreated samples 
(Fig. S8) are common for AA5754, where a significant portion of Mn is 
substituted by Fe. The semi-quantitative nature of EDS and the strong 
influence of matrix signal at 15 kV [35] do not allow for identification of 
the exact type of IMPs except that the main ones found to be important 
for conversion are Fe-containing and are referred to as Al-Fe IMPs. 
However, understanding the behaviour of aluminium’s IMPs at different 
pHs is still under research and can differ greatly for the same IMPs in 
different aluminium alloys in the same series [39–42]. Nevertheless, Fe 

exhibited cathodic behaviour in all Fe-containing IMPs, which is needed 
for further discussion [43,44]. Therefore, the general knowledge of Fe’s 
behaviour can be applied to Al-Fe IMPs to explain ZrCC formation on 
AA5754.

In contrast to bare, chemically pretreated samples have significantly 
increased Fe content on Al-Fe IMPS (Fig. S7), pointing to a possible 
enrichment due to the selective dissolution of Mg [45]. In addition, after 
desmutting, Al-Fe IMPs exhibited a rather porous structure (Fig. 5). The 
current study employed a commercial desmutting step that contained 
H2SO4, HNO3, and HF. The latter two components were previously 
studied by Campestrini et al. as an additional pickling step, and their 
results confirmed that using HF in the desmutting process leads to a 
severe attack on the Al-matrix, resulting in the better removal of 
second-phase particles and, possibly, SiC grounding residuals through a 
drop out [46]. This effect arises as fluorides are well-known for com
plexing with Al [47–49], further leading to its preferential dissolution 
across the entire operating range of the conversion bath, as implied by 
our recent equilibrium calculations [4]. Therefore, lower concentrations 
of local cathodes on the surface should lead to more uniform alumina 
formation during the alkaline cleaning and desmutting steps, as well as 
subsequent more uniform conversion coating deposition. This could 
explain the superior EIS capacitive loop observed for the desmutted 
sample as well as improved values of PA compared to bare and alkaline 
treated samples both after 10 min and 24 h, respectively (Fig. 2). 
However, although the porosity of structures formed out of IMPs pre
sumably improves their cathodic efficiency, it also makes them more 
susceptible to pitting corrosion than ZrCC-treated samples, as observed 
in PPC results (Fig. 1a).

The ultimate confirmation of ZrCC-treated samples’ inferior perfor
mance in EIS, when compared to ZrCC-free samples, becomes evident in 
SEM micrographs due to crack formation (Fig. 6). This leads to the EIS 
response being exclusively governed by charge transfer through sub
stantial defects at the OCP, which are, in fact, larger than the coating 
thickness (generally around 10–80 nm [8]). In contrast, extended 
passivation regions in ZrCC-AA5754 samples (Fig. 1) can arise as a direct 
consequence of pores/cracks being cathodic to the substrate, thereby 
enabling them to contribute to passivation during the anodic scan in PPC 
(Fig. 6).

Let us first consider the results at constant pH with increasing con
centration and conversion time. The effects of increasing concentration 
and conversion time at the same pH setting result in thicker coatings on 
AA5754, just as observed in previous work for Zn and CRS [1], indicated 
by a higher Zr content on both matrix and IMPs and lower Fe content on 
IMPs (Fig. S8) (also compare 150 ppm/pH 4.0/480 s (Fig. 6b) and 730 s 
(Fig. 6d) as well as 825 ppm/ pH 4.0 at 60 and 480 s (Fig. 6f,g). 
Moreover, the sample 825 ppm/60 s/pH 4.0 (Fig. 6f) confirms that the 
conversion begins at cathodic sites (Al-Fe IMPs) as indicated by Zr 
detection only at the IMPs and none at the matrix. Interestingly, in 
contrast to PA results, electrochemical test results show that 825 
ppm/60 s/pH 4.0 offers the same level of corrosion protection as 
ZrCC-free samples and even a slightly prolonged passivation range 
(Figs. 1,2). When the coating blocks merely a fraction of the surface, the 
corrosion rate may stay the same on the remaining bare areas, as the 
increase in Rct occurs due to a decrease in surface active area. This is 
already seen in Fig. 1, as this sample is the only one having more 

Table 3 
Comparison of the feasibility of each technique and its responses for evaluating ZrCCs based on RSM model analysis. Combined with results for CRS and Zn from [1].

Technique Protective ability Potentiodynamic polarisation curves Electrochemical impedance spectroscopy

CRS Response PA after 10 min PA after air-drying for 24 h not considered Rp

Applicability characterisation not considered characterisation, optimisation
Zn Response PA after 10 min PA after air-drying for 24 h jcorr Rp |Z| at 0.25119 Hz

Applicability / characterisation, optimisation characterisation / characterisation, optimisation
AA5754 Response PA after 10 min PA after air-drying for 24 h jcorr Rp |Z| at 0.25119 Hz

Applicability characterisation characterisation, optimisation / characterisation characterisation, optimisation

4 To achieve an accurate evaluation of F content, advanced techniques such 
as wavelength dispersive X-ray analysis (WDX) with superior energy resolution 
are necessary to prevent common peak overlap errors encountered in EDS 
analysis. Consequently, the enclosed EDS micrographs are only semi- 
quantitative [35,36].

A. Kraš et al.                                                                                                                                                                                                                                    



Corrosion Science 249 (2025) 112824

10

negative Ecorr compared to other ZrCC samples, which is almost the same 
as the bare sample [50], indicating that more electrochemically active 
regions are present on the surface [51], and not that the coating provides 
sufficient protection.

Further increase of conversion time enables ZrCC growth in the 
lateral direction, aligned with a decreased difference in Volta potential 
between cathodic IMPs and anodic aluminium matrix [8]. The cathodic 
reactivity of the IMPs is suppressed after zirconia deposition, lowering 
the extent of microgalvanic coupling with the matrix, i.e. driving force 
for ZrCC deposition and allowing for cathodic reactions to continue at Al 
matrix, along with Al dissolution, similarly to CCCs [52].

In addition, the cathodic action of IMPs is also seen through a higher 
Zr content obtained at larger IMPs (825 ppm/480 s/pH 4.0 (Fig. 6h)). 
Concentrations of Zr on IMPs and matrix differ even by order of 
magnitude, leading to cracking of the coating around the IMPs and 
enabling ingress of corrosive agents to the substrate. This difference in 
Zr content is approximately 20 × for samples at 825 ppm and approxi
mately 3–10 × for samples at 150 ppm, except for the sample with pH 
3.4, where the difference reaches 20 × , as will be further discussed 
below.

There is also a significant difference in the morphology of ZrCC at 
IMPs and matrix, similar to that in CCCs. Compared to small-nodular on 
the Al-matrix, more compact, thicker and denser zirconia films are 
formed on the surfaces of IMPs. ZrCCs are cracked around IMPs, owing 
to a significantly higher deposition rate of ZrCC on IMPs. This behaviour 
has been shown for ZrCCs throughout the AA series [9]. The fact that the 
coatings continue to grow on both IMPs and the matrix after a long 
conversion time results from the permeability of the formed gel and 
solution access through the cracked IMPs, allowing cathodic reactions to 

continue [53,54]. Nevertheless, the previously formed particles can also 
serve as nucleation sites for subsequent precipitation, as proposed in 
[55].

By comparing Zr contents obtained at low and intermediate con
centration settings (150 ppm (Fig. 6a-d) and 825 ppm (Fig. 6e-h)), it can 
be seen that lower concentration leads to a more uniform coating, re
flected in a smaller difference between Zr content on the matrix and 
IMPs. Prolonging the conversion time at lower concentrations still re
sults in lower Zr content on Fe IMP than shorter conversion times at 
higher concentrations (compare 150 ppm/730 s/pH 4.0 (Fig. 6d) and 
825 ppm/480 s/pH 4.0 (Fig. 6h) and 825 ppm/60 s/pH 4.0 (Fig. 6f) and 
150 ppm/480 s/pH 4.0 (Fig. 6b)). This proves that the kinetics of the 
subsequent conversion film growth is diffusion-controlled, as lower 
concentrations lead to lower concentration gradients and greater 
depletion of H2ZrF6 at the surface. It can be inferred that further growth 
occurs until the exhaustance of the conversion agent (Zr-bearing 
component, in this case, H2ZrF6) and local cathodes near the metal 
surface, making the process self-limiting. However, conversion times 
and concentrations used in this article do not lead to a self-limiting ef
fect. This is in contrast to the observations made by Campestrini et al. 
[52] on CCC on Alclad 2024-T3, where nucleation starts on IMPs and 
growth proceeds on the Al-matrix, enabling CCC to reach a greater 
thickness on the Al-matrix than on the IMPs after a longer conversion 
time. The probable reason for this is Zr’s different hydrolysis and redox 
behaviour compared to Cr. The formation of CCC is controlled by pH and 
the concentration of reduced Cr(VI), and it exhibits more predictable 
hydrolysis behaviour. In contrast, the uncontrolled hydrolysis and 
condensation of Zr lead to overlapping nucleation and growth processes 
that occur on both the Al-matrix and IMPs with a longer conversion 

Fig. 5. SEM micrographs of bare, alkaline-cleaned and alkaline-cleaned and desmutted AA5754 ZrCC-free samples. The sites of EDS analyses are noted by blue and 
yellow rectangles, and the results for Al, O and Zr are given in tables (at%). Results for all elements are given in Supplementary material, Section 4). Blue sites belong 
to the matrix, and yellow sites correspond to intermetallic particles.

A. Kraš et al.                                                                                                                                                                                                                                    



Corrosion Science 249 (2025) 112824

11

time, with reduction currents not dependent on Zr concentration as 
much as on only pH.

However, the main influential factor for the conversion process on 
AA5754 is most certainly pH, as shown in the RSM plots (Figs. 3,4), as it 
governs the reactivity of Al-Fe IMPs. Performing the conversion process 
at low pH and higher concentration (825 ppm/480 s/pH 3.0 (Fig. 6e)) 
leads to lower Zr content on both the matrix and Al-Fe IMPs, as well as 
more pronounced cracking compared to all other samples at 825 ppm 
(Fig. 6h). On the other hand, a combination of low pH and concentration 

(150 ppm/480 s/pH 3.4 (Fig. 6a)) results in a high Zr content on both 
the Al-Fe IMP and the matrix, compared to other samples at 150 ppm 
(Fig. 6b-d). These samples exhibit a more uneven coating morphology 
with agglomerated zirconia nodules across the surface. This can be 
explained by starting the conversion process at a lower pH, which in
creases the cathodic reactivity of Fe-containing IMPs and the anodic 
activity of the subsequent aluminium matrix. A rapid accompanying 
formation of hydroxyls leads to localised alkalisation necessary for ZrCC 
deposition, albeit unevenly, leaving less time for uniform deposition of 

Fig. 6. SEM micrographs of AA5754 samples subjected to various ZrCC treatments. Blue and yellow rectangles note the locations of EDS analyses, and the results for 
Al, O, and Zr are given in tables (in at%). Blue sites belong to the matrix, and yellow sites correspond to intermetallic particles. All EDS results are given in the 
Supplementary material, Section 4.
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zirconia and even leading to extensive agglomeration. Although 825 
ppm/480 s/pH 3.0 (Fig. 6e) conditions on AA5754 did result in coating 
formation, unlike cold-rolled steel and Zn in our previous work [1], it 
can be concluded that, in general, the prevalence of anodic activity in 
the form of substrate dissolution during most of the conversion time 
outweighs the cathodic activity enabling ZrCC deposition. In other 
words, a longer time is required to achieve an equilibrium between 
substrate dissolution and ZrCC deposition at a pH < 4. Nevertheless, 
samples performed below pH 4 are not interesting from a corrosion 
standpoint and will not be further studied.

The first augmented sample, 825 ppm/230 s/pH 4.3 (Figs. S5 and 6), 
exhibits approximately half the amount of Zr compared to the central 
point, 825 ppm/480 s/pH 4.0, which can be attributed to a halved 
conversion time. Additionally, zirconia nodules are more concentrated 
at the edges of the IMPs, likely due to their proximity to the underlying 
cracks that facilitate cathodic reactions. Longer conversion times (480 s 
and beyond) lead to the creation of spherical particles by agglomerated 
ZrO2 nodules (Fig. 6). pH of the 825 ppm/480 s/pH 4.3 sample is one 
coded unit (Supplementary material, Section 3) away from the best- 
performing pH of 4.6 and one coded unit away from the central point 
at pH 4.0. This suggests that the cathodic action of the IMPs does not 
undergo significant changes within this pH range. However, given the 
lower depletion rate of H2ZrF6 at higher concentrations and the fact that 
the ZrCC deposition always first starts at cathodic IMPs on aluminium 
alloys, with Zr deposition being greater at higher concentrations, it can 
be altogether inferred that the route for more accessible and better 
control of homogeneous ZrCC deposition on aluminium alloys is using 
low concentrations and pH values near zirconia precipitation.

Finally, the second augmentated sample (Fig. 3), carried out at a low 
concentration, shorter conversion time, and higher pH setting (150 
ppm/230 s/pH 4.6), as guided by the first RSM augmentation (Fig. S6), 
yields the best performance in the drop test response (Table S3). This is 
further shown in SEM/EDS results (Fig. 6c), as the smallest difference in 
Zr content between the IMPs and matrix. Although some cracking is still 
present, which is likely a result of drying in SEM vacuum conditions or 
the fact that the coating is still too thick on the IMPs, the observed 
morphology corresponds to the best electrochemical behaviour 
(Fig. 1a). On the other hand, the obtained EIS data in the region of low 
concentration and higher pH imply that samples with medium conver
sion times (480 s) exhibit improved performance (Fig. 2). However, 
after observing the onset of cracking at IMPs already on the sample 
treated at 230 s, it can be noted that prolonged conversion times also 
lead to further cracking as ZrCC growth persists at IMPs. Thus, despite 
not achieving the best EIS performance (but near it) but the best drop 
test performance, the best-performing sample is, in our opinion, 
150 ppm/230 s/ pH 4.6 (Fig. 6c). The need for augmentations, i.e., 
narrowing of the design space, confirms the anticipated higher sensi
tivity of AA5754 to changes in ZrCC bath parameters compared to CRS 
and Zn [1].

It should be noted that the present study confronted RSM principles, 
emphasising rapid and cost-effective result acquisition. Nonetheless, this 
approach carries the potential risk that the genuine effectiveness of 
ZrCCs might be compromised within a one-day timeframe. As demon
strated by ̌Sekularac et al. [9–11], longer immersion times in a corrosive 
electrolyte generally yield increased impedance, sometimes surpassing 
ZrCC-free samples and reduced deviation in obtained impedances on a 
particular sample due to crack densification caused by corrosion prod
ucts. This effect could be even more pronounced and favourable in the 
case of thicker coatings.

Therefore, in the context of AA5754, EIS measurements conducted 
within one day and near the best-performing region may exhibit 
heightened sensitivity for predicting future corrosion resistance 
compared to the drop test, as thicker coatings offer improved corrosion 
resistance under both short and extended immersion times. This high
lights the need for further research on surface pretreatments before 
conversion. Additionally, to achieve better refinement in pH and 

conversion time at lower concentrations, implementing in-situ local 
electrochemical methods would be beneficial, which will be addressed 
in our future research. Nevertheless, in this case, RSM demonstrated 
particular benefits in determining the factor settings necessary for 
achieving the least-cracked coating, which had not been explicitly 
shown before.

3.4. Critical assessment of the results

The pH turns out to be the most critical factor for the conversion 
process on all substrates since it governs the cathodic control of corro
sion reactions. Indeed, it has been shown earlier that the interfacial pH 
of electrochemical processes is significantly influenced by the underly
ing substrate [56]. We summarised the results obtained in this study 
with the comparative study on CRS and Zn from our previous study [1]
in Table 3 to informatively present the responses and applicability of 
non-electrochemical and electrochemical methods on different sub
strates. In brief, the model for the PA after 10 min is suitable only for 
characterisation on CRS and AA5754, while the model for PA after 24 h 
can be used for both characterisation and optimisation. From PPC 
measurements, Rp from Tafel extrapolation on Zn and AA5754 can be 
used for characterisation only. However, it seems like EIS arises as a 
mutual evaluation technique suitable for both characterisation and 
optimisation on all substrates, and care must be taken when choosing 
the type of resistance as a response, as it also differs between the 
substrates.

As the feasibility of certain responses varies with the substrate, it 
becomes clear that applying a one-size-fits-all optimisation strategy 
across different substrates is impractical as different techniques yield 
inconsistent results, heavily dependent on the substrate and any at
tempts at optimisation would need to be adjusted towards AA5754 at the 
expense of Zn and CRS. Overall, for CRS and Zn, where ZrCC deposition 
is guided by uniform corrosion [1], the best performance is achieved at 
moderate (825 ppm) to high concentrations (1226 ppm) and pH levels 
of 4.0–4.6. In contrast, for AA5754, where cathodic reaction kinetics are 
entirely influenced by IMPs achieving better control of deposition ki
netics, lower concentrations (150 ppm), shorter to moderate conversion 
times (230–480 s), and elevated pH (4.0–4.6) are needed to acquire 
uniform coating deposition (Table 4). Additionally, medium immersion 
times at lower concentrations could have enhanced corrosion resistance 
at extended exposures to corrosive environments. While the coating 
formation on Zn and CRS is uniform, resulting from a continuous change 
of local anodic and cathodic sites, sustained spatial separation in 
AA5754 leads to substantial cracking after long conversion times, 
causing continuous cathodic action within the cracks.

It should be noted that the formation of nodular oxide structures, due 
to their porosity and catalytic activity, may promote further film growth 
through the enhancement of ORR [57] either on the oxide surface or 
substrate, as predicted by the porous oxide corrosion model [58]. 
Interestingly, it has been found that ZrCC nodules do not form on pure 
aluminium, which, along with the fact that in the case of aluminium 
alloys, nodular forms are present on IMPs more than matrix, points to 

Table 4 
Summary of governing mechanisms and best-performing factor ranges for ZrCCs 
deposition on different substrates (combining results from [1] and the current 
study).

Mechanism Substrate Best-performing factor range

Conversion 
time

Concentration pH

Governed by 
uniform 
corrosion

CRS 480 s 825 ppm–1226 ppm 4.0–4.6
Zn 480 s 825 ppm–1226 ppm 4.0–4.6

Governed by 
cathodic 
action of IMPs

AA5754 230 s–480 s 150 ppm 4.0–4.6
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electrocatalytic effects of ZrCC precipitation posed by IMPs, as shown by 
Chidambaram et al. [20]. Namely, if the growth rate of the film is 
significantly higher than the nucleation rate, nodular growth can be 
favoured when the deposition conditions or material itself lead to rapid 
film growth [59]. This is likely to be the case in ZrCC, given the aqueous 
behaviour of Zr [3].

The results imply that the Zr conversion process is primarily of a 
chemical rather than electrochemical nature, as demonstrated in pre
vious studies on Cr-coatings by Zhang et al. [55] and further elaborated 
by Campestrini et al. [46,52]. Removing microgalvanic coupling be
tween the IMPs and aluminium matrix would favour the sol-gel nature of 
the process and lead to more homogeneous coatings. This can be 
established, for example, by the control of density and electroactivity of 
IMPs [46,60] by application of electro-assisted deposition [61]. None
theless, all these findings emphasise the need for further investigations 
into the effect of conversion bath pH on different substrate materials. 
When the gelation phase of conversion coatings, like ZrCCs, is separate 
from drying (as in immersion application), initial products transform 
into stable forms through processes like Ostwald ripening. Prolonged 
exposure to air or baking dehydrates hydroxides into oxides, potentially 
impacting both ZrCC and the underlying substrate oxides. Unlike CCCs, 
which lose their self-healing ability at high temperatures due to the 
inability of Cr to migrate through the gel coating, Zr-based (as well as 
Ce-based) coatings require and can withstand higher drying tempera
tures [62,63]. However, the literature lacks a consensus on the specific 
drying conditions for ZrCCs, as the conditions appear arbitrary. Thus, 
further research is needed to establish standardized guidelines for ZrCC 
drying.

There seems to be a potential balance between the overall acidity of 
the solution, diminishing with higher pH and/or lower concentration 
and the time needed to achieve equilibrium between dissolution and 
precipitation. Importantly, achieving this equilibrium takes longer at 
lower pH values. This is further emphasised by the increased Zr avail
ability near the surface at higher concentrations, leading to shorter yet 
effective conversion times, which improve corrosion protection.

Table 5 summarises the feasibility of individual techniques for the 
evaluation of different methods on different substrates. The drop test 
was more sensitive for CRS and Zn at a pH < 4.0 and for AA5754 at a pH 
≥ 4.0. Additionally, for Zn, the drop test conducted after air-drying for 
24 h could only highlight the influence of pH. This suggests that a 
satisfactory coating forms at a higher pH (4.6), which is not necessarily 
related to its thickness. Combining PA trends from all substrates in
dicates that the drop test is predominantly influenced by the underlying 
substrate solubility, compactness, and Zr content rather than defects. 
Hence, samples treated at pH < 4.0 on AA5754 also performed rela
tively well in the drop test because they have a high Zr content. How
ever, the coating on these samples is the most non-uniform, as revealed 
by EIS and confirmed by SEM observations. In contrast, although EIS 
results are affected by charge transfer in large defects on AA5754, they 
also detect ZrCC thickness when the film is more uniform, especially at a 
lower concentration (150 ppm) and higher pH values (4.0; 4.6). This 

contrasts results for Zn and CRS in our previous article [1] and implies a 
greater long-term predictive capacity for EIS, recognising the influence 
of prolonged conversion time on thickness increase, resulting in 
improved corrosion resistance akin to AA5754. On the other hand, Rp 
from Tafel extrapolation placed more emphasis on lower concentrations 
and shorter conversion times and was nevertheless deemed unsuitable 
by RSM models.

In the case of AA5754, however, Rp from Tafel extrapolation pro
duced RSM plots similar to EIS for AA5754 within a restricted experi
mental range of lower concentrations, conversion time, and higher pH. 
This suggests that Rp might be a more suitable evaluation metric than 
jcorr for PPC measurements, likely attributed to Rp encompassing both 
thermodynamic and kinetic factors, enhancing its capacity to discern 
differences robustly. However, its feasibility for RSM models on all 
substrates was still poor, making it an unfeasible metric for evaluating 
ZrCC corrosion resistance (Table 5).

Further investigation using more sensitive techniques like local 
electrochemistry is needed to confirm model-suggested best-performing 
points and determine the best method for characterising ZrCCs on both 
substrates, which is planned for future research.

4. Conclusions

This study extended the employment of RSM to comprehensively 
explore the experimental space, identify the best-performing conditions 
by adequately navigating the design space, and evaluate factor in
teractions, particularly on AA5754 substrate under diverse ZrCC bath 
conditions This approach also allowed for assessing the suitability of 
specific techniques and derived factors. The findings revealed that the 
drop test, after 24 h air-drying, can be an effective screening method for 
the ZrCC behaviour on AA5754 when combined with EIS due to its 
sensitivity and non-destructive nature. In contrast, when using PPC, 
polarisation resistance is a more convenient evaluation parameter 
compared to corrosion current density.

While PA assessment is inherently more subjective than electro
chemical measurements, the drop test method is again advisable for a 
quick initial assessment of ZrCC performance. In particular, the drop test 
gives a generally accurate picture of ZrCC corrosion resistance at pH ≥ 4 
on AA5754 substrate.

Regarding electrochemical measurements, EIS proved to be the most 
sensitive method for assessing interactions between conversion bath 
parameters across various combinations. From EIS results, it can be 
inferred that the ZrCC corrosion behaviour of AA5754 is exclusively 
controlled by charge transfer resistance. However, it does not always 
reflect the corrosion resistance behaviour of the AA5754-ZrCC in the 
whole experimental range, i.e., it requires narrowing it. In particular, on 
AA5754, EIS effectively characterises ZrCC only when complete coating 
formation is achieved (conversion time ≥ 230 s). Nevertheless, EIS 
displays the potential for effectively predicting prolonged corrosion 
performance depending on ZrCC thickness on AA5754 substrates at 
lower concentrations.

Moreover, in terms of the statistical applicability of the obtained 
RSM models, only those derived from EIS were shown to be able to 
function as a universal approach for both characterisation and, to a 
lesser extent, optimisation of all three substrates, CRS, Zn and AA5754, 
provided that the selection of the appropriate type of resistance from EIS 
as a response is carefully considered. Further investigation using more 
sensitive techniques like local electrochemistry is needed to confirm 
model-suggested best-performing points and determine the best method 
for characterising ZrCCs on all substrates.

This study also advocates the importance of selecting appropriate 
electrochemical measurements and electrolytes tailored to the specific 
system under investigation. Additionally, it highlights the necessity of 
assessing the corrosion performance of primers as a combination of ZrCC 
and underlying native oxide, especially in cases where the formed oxide 
does not crack. This knowledge can be extended further to formulate 

Table 5 
Feasibility of individual techniques for evaluation of corrosion protection ability 
of ZrCCs on different substrates combining results from [1] and the current 
study.

Technique Benefits and drawbacks

Drop test 
screening

• More sensitive for CRS and Zn at pH < 4
• More sensitive for AA5754 at pH ≥ 4

EIS • Dependent on the corrosion mechanism of the substrate
• High-frequency loop indicates sufficient ZrCC formation on CRS
• Highly dependent on the size of defects on AA5754
• Sensitive to ZrCC thickness on Zn at pH ≥ 4 and ZnO at pH < 4

PPC • Not suitable for thin films
• Feasibility of PPC dependent on the nature of pores/cracks, i.e. if 

ZrCC is anodic or cathodic to the substrate
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individual baths with even more additives to obtain the desired per
formance and develop multi-metal coatings. Rather than delving deeply 
into the statistics of DoE and RSM, we intended to promote the more 
frequent application of DoE in corrosion research, enhancing the 
robustness of corrosion studies in general. RSM remains valuable for 
identifying best-performing regions and elucidating complex relation
ships between input factors and responses, ultimately contributing to 
assessing the extent of the viability of each evaluation technique.

Nevertheless, it must be remembered that interpreting results re
quires considering both statistical and practical significance in industrial 
applications. While larger sample sizes always increase the likelihood of 
detecting statistical significance, this does not necessarily translate to 
practical significance if the effect size is small. The latter often arises 
when values are of comparable magnitudes, leading to minor differences 
between observed samples that, despite being statistically significant, 
could lack practical importance. However, in this case, assessing sta
tistical significance proved valuable in unveiling process behaviour, at 
least from a fundamental level. In other words, to echo the sentiments of 
George Box, a pioneer in experimental design: "All models are wrong, 
but some are useful [64]."
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