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A B S T R A C T   

The filiform corrosion (FFC) of organic coated magnesium alloys is investigated using in-situ scanning Kelvin 
probe and time-lapse photography. FFC is initiated by injecting MgCl2, HCl and FeCl2 into a coating defect and 
ensuing FFC propagation rates are shown to increase as a logarithmic function of the chloride ion concentration 
and are strongly dependent on relative humidity. Post-corrosion surface analysis shows chloride abundance near 
the filament leading edge and evidence of sequestration within corroded regions behind. The FFC mechanism is 
consistent with chloride-induced anodic dissolution at the front coupling with water reduction on a cathodically- 
activated corroded surface behind.   

1. Introduction 

Recent years have seen an increased interest in the use of magnesium 
(Mg) and its alloys as structural metals, primarily because of their good 
strength-to-weight ratio and high specific strength [1]. Magnesium is 
35% lighter than aluminium and 75% lighter than steel [2], making Mg 
and its alloys ideal candidates for automotive and aerospace applica-
tions where weight reduction is desirable. However, Mg and its alloys 
also require protection from environmental degradation since they are 
susceptible to corrosion due to their position in the electrochemical 
series. Although there are many published works which focus on surface 
treatments and inorganic conversion coatings as a means of improving 
corrosion resistance [3,4], relatively few publications are devoted to 
investigations of organic coatings for corrosion protection for Mg and its 
alloys [5,6]. Furthermore, the lack of understanding of the prevailing 
mechanisms of organic coating failure on magnesium and its alloys has 
hindered the adequate development of organic coating technologies 
which are tailored for magnesium alloys. 

When organic coated magnesium substrates are exposed to an at-
mosphere comprising a high relative humidity (RH) and aggressive 
inorganic salts, coating failure can proceed according to two principal 
mechanisms: cathodic delamination [7] and/or filiform corrosion (FFC) 
[8–10]. Corrosion-driven failure typically initiates at penetrative 
coating defect such as cut-edges, scratches, and scribes where aggressive 
species, such as chloride ions can make contact to the bare metal and 

access the coating-substrate interface. Blistering is another phenomenon 
which can also occur especially at extremely high levels of relative hu-
midity, normally through an intact organic coating [11–13]. In a pre-
vious study, employing model poly-vinyl butyral (PVB) coatings applied 
to automotive E717 Mg alloy surfaces under atmospheric corrosion 
conditions, we demonstrated that the mechanism of coating failure 
originating from a penetrative coating defect was highly dependent 
upon the nature of the chloride salt employed to initiate corrosion [7]. 
When underfilm corrosion was initiated using group I chloride salts, 
coating failure was characterised by the rapid development of a halo of 
disbonded coating surrounding the defect region, which expanded 
radially with time. Post corrosion surface analysis showed that the re-
gion affected by the halo was abundant in the initiating cation, but that 
chloride ions were not present and were conserved within the defect 
region. It was thus proposed that a cathodic disbondment mechanism 
was responsible for this phenomenon in which anodic magnesium 
dissolution at the defect is coupled with underfilm cathodic hydrogen 
evolution. However, in the absence of group I cations, which can sustain 
ionic current within a region of high alkalinity, no such disbondment 
halo was observed. Consequently, the use of HCl or MgCl2 to initiate 
coating failure produced only anodic disbondment via filiform-like 
corrosion (FFC), characterised by the underfilm evolution of a 
network of dark tracks which lengthen with time. 

FFC is well known to affect other organic coated metal surfaces, such 
as iron [14–17] and aluminium alloys [12,18–20], where the 
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propagation of filaments is considered to proceed through a differential 
aeration cell located at the electrolyte-filled head at the filament leading 
edge. An oxygen concentration cell results from facile transport of O2 
through the corrosion product filled tail to the rear of the filament head 
[21], with a local anode at the leading-edge producing undermining of 
the organic coating. However, it has been proposed in the case of PVB 
coated Mg, that where hydrogen evolution according to Eq. (1) is 
anticipated to be the dominant cathodic reaction, the mechanism of FFC 
propagation involves anodic Mg dissolution (Eq. (2)) coupling with 
cathodic water reduction on a cathodically activated, corroded surface 
immediately behind the filament leading edge. This differential elec-
trocatalytic activation provides the driving force for filament advance-
ment and explains in part why FFC rates of propagation remain 
unchanged in the absence of oxygen when PVB-coated Mg is maintained 
at a high relative humidity.  

2H2O + 2e- → H2 + 2OH-                                                                (1)  

Mg → Mg2+ + 2e-                                                                          (2) 

In this work, the influence of factors such as chloride ion concen-
tration and relative humidity on the kinetics of FFC propagation on 
model PVB-coated Mg alloy substrates, is systematically investigated 
using a combination of in-situ time-lapse photography and the Scanning 
Kelvin Probe (SKP). The investigation has concentrated on a techno-
logically important, rare-earth containing E717 (Electron™ 717) alloy, 
also known as ZEK100 (ZE10 type alloy) which is considered as a 
promising candidate for automotive applications due to its favourable 
mechanical properties [22,23]. It should also be noted that several 
recent publications [7,24–28] are devoted to furthering the under-
standing of the corrosion behaviour of this particular alloy. In addition, 
some key experiments are also repeated using other widely used 
AZ-series Mg alloys, such as the AZ31 and AZ91 to confirm FFC sus-
ceptibility under the same conditions. The principal aims are (i): to 
confirm whether observations regarding chloride-induced FFC initiation 
and propagation in the absence of group I cations, previously reported 
for pure Mg [10] also hold true for commercially available alloys, and 
(ii) to identity the influence of chloride ion concentration, relative hu-
midity and the absence of oxygen on underfilm corrosion rates. FFC is 
inoculated by applying controlled quantities of aqueous HCl, MgCl2 or 
FeCl2 to scribed defects in PVB coated alloy specimens and quantifica-
tion of FFC kinetics is achieved by time-dependent analysis of 
corrosion-affected areas via time-lapse photography. FeCl2 was selected 
to test out a hypothesis regarding the role of iron impurity redeposition 
in contributing to the cathodic activation of corroding Mg [29,30], and 
whether the phenomenon could influence rates of FFC propagation. 
Post-corrosion surface analysis of FFC affected surfaces using SEM-EDX 
is used in combination with the results of in-situ SKP mapping of free 
corrosion potential distributions to elucidate the mechanism of FFC and 
explain observations on the influence of chloride ion concentration on 
propagation rates. 

2. Experimental details 

2.1. Materials 

Three different Mg alloys were used in this study, namely E717 
(Electron™ 717), AZ31 and AZ91. The E717 (ZEK100) was supplied in 
the form of a sheet of 2 mm thickness, provided by Chemetall GmbH 
with a nominal composition (all weight %): 1.25% Zn, 0.5% Zr, 0.22% 
Nd, 0.008% Cu, 0.004% Fe, 0.3% others, balance Mg, F temper, cut 
using electric discharge machining (EDM) into 50 × 50 mm specimens. 
The AZ31 specimens with a composition (all weight %): 3.1% Al, 0.7% 
Zn, 0.24% Mn; balance Mg, and the AZ91 specimens with a composition 
(all weight %): 8.9% Al, 0.8% Zn, and 0.26% Mn with balance Mg were 
supplied by Magnesium Electron Ltd and cut into 50 mm square coupon 
by means of electrical discharge machining (EDM). The model coating 

used in this study is polyvinylbutyral-co-vinyl alcohol-co-vinyl acetate 
(PVB) with a molecular weight of 70,000–100,000 which was obtained 
from the Sigma-Aldrich. All other chemicals used in this study have 
analytical grade purity and were obtained from Sigma-Aldrich. 

2.2. Methods 

The Mg alloy coupons were subsequently ground using silicon car-
bide paper up to a 1200 grit surface finish (Buehler CarbiMet™), cleaned 
with an aqueous detergent solution and rinsed with ethanol. As a height 
guide, strips of insulating tape were applied on the coupon’s edges and a 
15.5% w/w ethanolic solution of PVB was applied parallel to the rolling 
direction of the Mg alloy using the bar casting method. After allowing 
specimens to dry freely in air, an approximate dry film thickness of 25 
µm was determined by means of a micrometre screw gauge. FFC was 
inoculated by applying controlled quantities of aqueous solutions of 
either MgCl2, HCl and FeCl2 to a 10 mm long penetrative coating defect, 
scribed using a fresh scalpel blade perpendicular to the rolling direction 
of the Mg alloy. In all cases an electrolyte volume of 1 μL was used, 
injected into the coating defect using a microlitre syringe supplied by 
Hamilton Ltd. 

To understand the effect of the chloride ion concentration on the 
filiform of coated Mg alloys, four different concentrations of MgCl2 were 
used: 5 × 10− 3 M, 0.02 M, 0.1 M, and 0.5 M. The different levels of 
relative humidity (RH) 31%, 52%, 76%, 93% and 99% were achieved by 
using reservoirs containing saturated aqueous solutions of the following: 
CaCl2.2H2O, Ca(NO3)2, NaCl, Na2SO4

. 10H2O and DI water at 20 ◦C [31, 
32]. After injecting the respective electrolytes into the scribes, the 
coupons were held in bespoke environmental chambers comprising an 
optically flat window allowing the coated Mg alloy specimens to be 
photographed in-situ when maintained in air at a constant RH. 
Oxygen-free experiments were conducted by holding specimens in 
similar type of chamber which also comprised an inlet and outlet 
allowing humidified nitrogen to be introduced in the presence of a 
saturated salt solution Nitrogen gas was humidified before it was 
introduced in the container by sparging through three Dreschel bottles 
connected in series, each containing a saturated solution of 
Na2SO4

. 10H2O. 
Close-up photographic images of the corroding surface were taken 

in-situ every 6 h over holding durations of up to 600 h using a Canon 
EOS 77D camera fitted with AF-microlens and macrotubes. Filiform 
corrosion affected areas were determined by taking measurements from 
the photographic images using ImageJ and Photoshop image analysis 
software. The software was spatially calibrated by setting a number of 
pixels to an already known distance within the photographic image. 

In-situ mapping of free corrosion potential (Ecorr) distributions 
associated with PVB-coated E717 specimens undergoing FFC was car-
ried out using Scanning Kelvin Probe (SKP) of in-house construction. 
Full details of the design and operation of the instrument, along with 
details of calibration procedure allowing Volta potential differences to 
be converted to measurements of Ecorr are given elsewhere [33,34]. The 
SKP reference probe consisted of a 125 µm diameter gold wire which 
was vibrated normal to the specimen surface at a vibration frequency of 
280 Hz with a 30 µm peak-to-peak amplitude, while the probe-specimen 
distance was 100 µm. Following initiation of FFC as described above, 
PVB coated specimens were placed within the environmental chamber 
of the SKP apparatus and held at a RH of 93%, maintained using res-
ervoirs of the appropriate saturated salt solution. Repetitive scans were 
carried out every 3 h on a 7 mm × 6 mm area positioned to one side of 
the scribed defect, using a data point density of 10 points/mm. After 
calibration the grids of spatially resolved Ecorr values were visualised as 
greyscale image maps using the Surfer 10 mapping software. It should be 
noted that because of the dimensions of the gold wire probe and scan 
height of 100 µm, the Ecorr maps will reflect the limited lateral resolution 
of the SKP instrument, estimated to be of the order of 0.1 mm [35]. On 
completion of the experiment the PVB coating was carefully peeled 

C. Kousis et al.                                                                                                                                                                                                                                  



Corrosion Science 206 (2022) 110477

3

away immediately and the FFC affected region was analysed for Cl- 

deposits using a Hitachi TM3000 SEM with integrated Bruker Quantax 
70 EDX Analyser. 

3. Results and discussion 

3.1. Preliminary studies of filiform corrosion 

Recently published work demonstrated that in the absence of group I 
cations, chloride-induced organic coating failure on E717 specimens 
was characterised by filiform corrosion, consisting of thin, dark tracks 
which tend to move in a random direction and away from their initiation 
point [7]. To investigate whether or not the nature of the initiating 
chloride salt has any effect on the propagation of the FFC on PVB-coated 
E717, samples were prepared with three penetrative coating scribes into 
which 1 μL quantities of 0.5 M FeCl2 (left scribe), 1 M HCl (middle 
scribe) and 0.5 M MgCl2 (right scribe) were injected. The photographic 
images presented in Fig. 1 show the appearance of the PVB coated E717 
Mg alloy at different holding times when held in air at a constant relative 
humidity of 93% after filiform corrosion initiation. FeCl2 was used to 
test out a hypothesis of whether enhanced electrocatalytic activity to-
wards cathodic hydrogen evolution (Reaction 1) at the scribe, caused by 
electrodeposition of metallic iron according to the following displace-
ment reaction,  

Mg (s) + Fe2+ (aq) → Mg2+ (aq) + Fe (s)                                          (3) 

provides an additional impetus to increase filament propagation rates. In 
previous work, the corrosion rate of pure Mg immersed in NaCl (aq) can 
increase by up to a factor of 5 in the presence of dissolved Fe2+ (aq) at 
concentrations of up to 8 × 10− 3 M [36]. 

Upon injection of the different initiating electrolytes, a vigorous re-
action involving a rapid darkening of the bare alloy, accompanied by 
generation of hydrogen bubbles, was observed in all penetrative defects. 
In the case of FeCl2 (aq), a green colouration was also initially observed 
which soon turned to brown colour, indicating that aerial oxidation of 

Fe2+, followed by hydrolysis, occurs in competition to Reaction (3) [36]. 
Fig. 1b shows that after 1 day exposure to high humidity, several fila-
ments of up to 2 mm in length and varying width have initiated and 
propagated away from the defect regions in both left and right di-
rections. However, at longer holding times (Fig. 1c and d), neighbouring 
filaments appear to coalesce, leaving a network of dark corroded surface 
surrounding the scribes, although individual filament extending up to 
10–15 mm away from the scribes can also be identified. 

At protracted holding times, the filaments appear to move in a 
“random walk” manner, where there is no apparent influence of the 
original rolling direction of the E717 sheet or direction of abrasive 
cleaning. In addition, from the similarity of the corrosion features 
observed in the vicinity of each scribed region, it is evident that the 
nature of the cation has little influence on the morphology or the extent 
of underfilm corrosion. 

The significant visual contrast between uncorroded areas and those 
affected by filiform-like corrosion was exploited by using image analysis 
of the time-lapse sequence typified in Fig. 1, as described in Section 2, to 
generate time-dependent values of FFC area for each scribed region. 
Typical plots of filiform affected area versus holding time determined for 
each of the different initiating electrolytes are given in Fig. 2. Average 
slopes determined over a 200 h holding period, taken from three repeat 
experiments for each electrolyte type gave FFC area propagation rates of 
0.29 ± 0.04, 0.27 ± 0.06 and 0.20 ± 0.03 mm2 h− 1 for MgCl2, FeCl2 
and HCl initiating electrolytes respectively. In each case, a linear rela-
tionship between corroded area and time required a certain “incuba-
tion” time to develop (see Fig. 2), because some of the initial 
delamination and corrosion product formation in the immediate vicinity 
of the defect produced general corrosion (uniform darkening) in the 
24 h or so after initiation using chloride electrolyte. When FeCl2 was 
used as the initiating salt, this initial extent of uniform corrosion 
appeared to be greater than in the case of the other two electrolytes. 
Therefore, corroded area vs. time slopes quoted above do not include the 
origin and therefore reflect coating failure rates when only filiform 
corrosion is propagating. 

Fig. 1. Photographic images showing the propagation of FFC on a PVB coated E717 alloy specimen held in air at 93% RH and 20 ◦C following corrosion initiation 
using controlled quantities of FeCl2 (left scribe), HCl (middle scribe) and MgCl2 (right scribe). Time key: (a) 0 h, (b) 24 h, (c) 264 h and (d) 384 h. 
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However, in each case, a noticeable deviation from linearity was 
observed at longer holding times, where area versus time relationships 
tend to lower gradients. Therefore, although FFC propagation kinetics 
are similar when divalent chloride salts are used to initiate underfilm 
corrosion, there is a discernible decrease in rate when HCl is employed. 
A repeat experiment using a lower chloride ion concentration of 0.2 M, 
produced the same trend in behaviour, albeit with markedly reduced 
FFC area propagation rates. The consistently lower rate of underfilm 
corrosion propagation observed following initiation using HCl is unex-
pected, given the previously reported rapid development of HCl-induced 
FFC affecting PVB coated commercially pure Mg [10]. However, as 
explained in this previous work, the composition of the conserved 
underfilm electrolyte at the filament leading edges will comprise a 
concentrated aqueous solution of MgCl2, and a certain induction period 
will be required in order to generate the requisite composition from HCl 
(aq) initiated corrosion. If this process is relatively slow, then the known 
volatility of HCl may mean that less chloride is present than anticipated 
in order to sustain FFC propagation. 

The similarity of the slopes for plots i and ii in Fig. 2 implies that Fe 
electrodeposition in the defect region has little effect on subsequent FFC 
propagation, but implies that it may play a role in rapidly generating an 
appropriate underfilm electrolyte composition to allow FFC to develop 
in the same manner as when initiated using MgCl2. Following this pre-
liminary investigation of the influence of cation type on chloride- 
induced FFC, all other systematic studies presented herein were con-
ducted using MgCl2 (aq) as the initiating electrolyte. 

In order to determine the distribution of free corrosion potentials 
over a region of PVB coated E717 affected by actively propagating fil-
aments, the SKP instrument was utilised. Following initiation of FFC by 
application of a 1 μL volume of 0.5 M of MgCl2 (aq) to a scribed 10 mm 
long penetrative coating defect, the specimen was subsequently kept in a 
chamber with high relative humidity of 93% at 21 ◦C for 10 days to 
allow filament propagation to take place. Fig. 3(a–e) shows a series of 
greyscale Ecorr distribution maps obtained by scanning the surface at 
regular intervals over a 144-h period. In this particular experiment, an 
area of 7 mm × 6 mm adjacent to the scribed defect was repetitively 
scanned using the SKP. The region of interest is indicated by dashed lines 
in the photographic image given in Fig. 3f, which shows the appearance 
of the coated surface after the experiment was terminated. 

In Fig. 3f three different filaments can be observed, with the main 
filament of interest denoted as I. This underfilm corrosion feature was 

the first one to propagate, followed by filaments II and III which develop 
on the left side of the scan area and generally move towards the right. 

The greyscale SKP-derived map (Fig. 3a) indicates that the majority 
of intact (uncorroded) areas are exhibiting Ecorr values (Eintact) of ca. 
− 1.1 V vs. SHE, but some localised uncorroded regions exhibit poten-
tials which are ± 0.1 V of this mean value. This heterogeneity in Eintact 
values is explained on the basis of atmospheric corrosion occurring in 
high humidity at the coating/Mg interface producing heterogeneity in 
the surface (hydro)oxide layer which develops with time. In Fig. 3a–c, 
changes in Ecorr distributions as Filament I moves in a diagonal manner, 
from the centre of the scan area to the top right corner can be observed. 
The leading edge of the filament appears to adopt more negative po-
tentials than the remainder of the surface, with Ecorr values ranging 
between ca. − 1.25 and − 1.35 V vs. SHE. However, as Filament I move 
from its original location in Fig. 3a, Ecorr values determined with the 
region left behind become more positive but remain ca. 100 mV more 
negative than the surrounding intact surface. Also visible in Fig. 3a and 
b, is a second filament (denoted II), which initiates in the bottom left 
corner of the scanned area, elongates by ca. 1 mm and then becomes 
immobile (i.e. de-activates). Again, the leading edge is characterised by 
a more negative Ecorr than the uncorroded surface, although the region 
becomes less distinct from the surrounding intact surface with time after 
the filament has ceased to propagate (Fig. 3c–e). In later scans, filament 
III initiates in the top left corner and moves further inside the scan area, 
producing a region of more negative local Ecorr values, which encroaches 
on the previously corroded tail region of filament I. In Fig. 3d and e it 
should be noted that the leading edge of filament I has moved beyond 
the scan area, while its dark corroded tail, extending from the centre of 
the greyscale map to the top right corner remains slightly depassivated 
(by ca. 0.1 V) compared to the adjacent uncorroded surface. 

After the conclusion of the experiment the sample was withdrawn 
from the SKP chamber, the PVB coating was carefully peeled away and 
areas affected by FFC in regions I and III were analysed using SEM/EDX 
to determine the location of chloride ions. Fig. 4 shows false colour 
elemental maps superimposed over the secondary electron micrographs 
of a selection of filiform-like features, where red and green colours 
correspond with regions of high chloride ion and magnesium abundance 
respectively. Fig. 4a, along with a higher magnification image in Fig. 4b, 
show an area of chloride ion activity near the front of a head region. 

A similar high abundance of chloride at the leading edge of the 
filament was also found when a filament was analysed along its entire 
length as it can be seen from Fig. 4c. These observations using the coated 
E717 Mg alloy are in agreement with surface analysis findings on 
commercially pure Mg, where elemental maps obtained using secondary 
ion mass spectrometry (SIMS) showed chloride ion conservation within 
the head regions of filament propagating under a PVB coating [10]. 
However, careful examination of Fig. 4c also shows evidence of chloride 
ion entrapment within some regions along the length of the filament tail 
suggesting that not all the chloride ions originally used to initiate FFC 
are conserved in the leading edges of the filament heads. This obser-
vation of Cl- sequestration within the corrosion product in the tail re-
gions seems consistent with the observation made above that 
SKP-derived Ecorr values measured within these regions remain ca. 
0.1 V more negative than adjacent uncorroded areas. The distinction 
between potential values in the head, tail and intact regions of the FFC 
affected surface may perhaps be more clearly made in Fig. 5, which 
shows a line profile of Ecorr versus distance taken along the length of 
filament I in Fig. 3. 

In this particular profile, Eintact values of ca. − 1.1 V vs. SHE are 
measured behind the tail region and ahead of the leading edge, while a 
minimum potential of ca. − 1.35 V vs. SHE is observed within the head 
region. This is similar to typical values of ca. − 1.4 V vs. SHE reported 
previously for FFC leading edges investigated on PVB coated pure Mg 
under similar conditions [10]. However, the persistence of a low po-
tential of ca. − 1.2 V vs. SHE within the tail region is not consistent with 
previous observation made for pure Mg, where potentials rise to values 

Fig. 2. Plots of FFC area versus time measured for a PVB coated E717 alloy kept 
in a chamber at 93% RH and 20 ◦C following initiation of underfilm corrosion 
using a 1 μL volume of (i) MgCl2, (ii) FeCl2 and (iii) HCl (aq) at a fixed chloride 
ion concentration of 1 M. 
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equal to Eintact as filaments move progressively further from their orig-
inal location. It therefore seems logical to assume that the significantly 
lower FFC propagation rate on E717, where the elongation of filament I 
in Fig. 3 proceeds at a rate of ca. 0.04 mm h− 1 (compared with a rate of 
0.1 mm h− 1 reported for pure Mg), increases the possibility of progres-
sive loss of chloride ions from the head electrolyte via entrapment in the 
corrosion product filled tail. 

3.2. The influence of the chloride ion concentration 

It is known that under full immersion conditions, rates of localised 

corrosion propagation observed on un-coated E717, characterised by the 
rapid evolution of dark filament-like tracks which lengthen with time 
and evolve hydrogen at their leading edges, increase significantly with 
progressively higher sodium chloride concentrations [28]. This current 
investigation, tests whether or not a similar effect is operational in the 
development of underfilm filiform corrosion of PVB-coated E717 by 
varying the concentration of the injected electrolyte and holding the 
samples in air at a constant 93% relative humidity for 21 days. The effect 
of applying four different chloride ion concentrations of 1 μL MgCl2 (5 ×

10− 3, 0.02, 0.1 and 0.5 M) to a penetrative coating defect on the prop-
agation of FFC was quantified by image analysis of time-lapse image 

Fig. 3. Greyscale maps showing SKP derived Ecorr distributions determined at 93% RH and 20 ◦C for a PVB coated E717 specimen undergoing FFC. Time key: (a) 
10 h, (b) 35 h, (c) 60 h, (d) 115 h, (e) 144 h holding times following initiation using a 1 μL quantity of 1 M MgCl2 (aq), while (f) shows a photographic image scan 
area (indicated by the dashed line) at the end of the experiment. 
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sequences as discussed previously. Fig. 6 shows the visual appearance of 
4 different samples which were scribed and injected with various con-
centrations of MgCl2 (hereafter abbreviated to C(MgCl2)) and then 
exposed to 93% relative humidity for 21 days. It is evident that an in-
crease in the concentration of the inoculating electrolyte produces a 
progressively greater corroded area surrounding the scribes after the 
same holding time. For specimens which have been inoculated with C 
(MgCl2) ≤ 0.02 M, several discrete filament-like features can be iden-
tified, while at higher concentrations the underfilm corrosion 
morphology suggests that many tracks have coalesced to produce a more 

uniform disbondment front. 
Quantification of the corroded area for the images obtained for each 

different specimen allowed the effect of chloride ion concentration on 
the kinetics of underfilm corrosion to be evaluated. Fig. 7 shows typical 
plots of FFC area versus time for specimens held in air at 93% RH after 
initiation of corrosion using 1 μL MgCl2 (aq) injections in the concen-
tration range 5 × 10− 3 to 0.5 M. The influence of increasing C(MgCl2) 
on the extent of the underfilm corroded area associated with each 
specimen is clearly observed, where final FFC affected areas of 10, 53, 
100 and 140 mm2 were measured for 5 × 10− 3, 0.02, 0.1 and 0.5 M 
inoculating concentration respectively after a 500-h holding period. 

It is also evident that the nature of the FFC area versus time plots is 
also highly dependent on the quantity of chloride ions used to initiate 
corrosion. Although an initial linear relationship is observed for each 
plot in Fig. 7, a significant deviation from linearity is observed at pro-
tracted holding times. The time at which the divergence occurs appears 
to be lengthen with increasing quantity of initiating chloride ion, such 
that the slope of the area versus time plot tends to zero after 80 h for the 
lowest C(MgCl2) used. The point at which an inflection in the linear FFC 
area versus time relationship is observed, it lengthens progressively with 
increasing C(MgCl2) such that a change in the gradient at the highest 
MgCl2 (aq) initiating concentration occurs after ca. 400 h. At first glance 
the observations of a deviation from linear FFC area kinetics seems to 
contradict previous findings obtained using PVB coated commercially 
pure Mg [10]. However, it should be borne in mind that the afore-
mentioned investigation [10] of pure Mg FFC kinetics was carried out 
over a significantly shorter timescale and that only a single, high chlo-
ride ion concentration was employed. 

Initial linear rates of FFC area propagation were also found to depend 
on the number of moles of chloride ions used to initiate underfilm 
corrosion. After converting C(MgCl2) values to the μmol quantity of Cl- 

ions applied to the defect (NCl
- ), the initial rate of FFC area propagation 

(dA/dt) was shown to obey the following empirical relationship: 

Fig. 4. SEM-EDX images of FFC features on the surface of the E717 Mg alloy after the removal of the PVB coating following corrosion initiation with 1 μL quantity of 
1 M MgCl2 (aq). The white arrows indicate the direction of propagation of the filament. (a) shows a typical filament head, along with (b) magnified image of part of 
this feature, while (c) shows an entire filament consisting of both head and tail regions. 

Fig. 5. Plot of Ecorr values versus distance measured for a propagating filament 
on a PVB coated E717 specimen exposed to 93% RH and 20 ◦C. 
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dA/dt = A + B log10(NCl
- )                                                                (4) 

with a slope (B) of 0.14 ± 0.02 mm2 h− 1 per decade over a 2 order of 
magnitude range, and a value of A (equating to the FFC rate measured at 
1 μmol applied Cl- ions) of 0.36 mm2 h− 1. It should be noted that the 
observed relationship in Eq. (4) was derived from average values of 
initial dA/dt slopes taken from 3 repeated experiments carried out for 
each NCl-. The logarithmic dependence of dA/dt with NCl

- differs 
considerably from predicted relationships derived elsewhere [20] using 
data derived from a systematic study of the influence of the quantity of 
hydrochloric acid used to initiate FFC on PVB coated AA2024-T3 alloy 
specimens. In this particular investigation, dA/dt was predicted to vary 
as a function NCl

− 2/3 for a surface-controlled electrochemical process and 
NCl
− 1/3 for a system under ohmic control for an equivalent number of 

individual filaments propagating from a penetrative coating defect to 
which a controlled quantity of HCl was applied. The lower sensitivity of 
dA/dt upon NCl

- observed for E717 Mg surfaces, implied by the loga-
rithmic relationship, suggests that the assumption of complete Cl- ion 
conservation within the filament head electrolyte made previously in 
deriving dA/dt vs. NCl

- relationships, do not hold true for this alloy. 
Indeed, the evidence of significant Cl- ion sequestration within the 
corrosion product filled tail regions given in Fig. 4, suggests that a 
substantial fraction of the NCl

- used to initiate corrosion is removed 
progressively from the leading edges of the FFC tracks as they propagate, 
via entrapment within insoluble magnesium hydr(oxide) underfilm de-
posits or by reaction with the latter to form sparingly soluble magnesium 
hydroxychloride compounds [37]. The relative insensitivity of dA/dt on 
NCl

- observed here, compared to previous FFC kinetic investigations 
[20], suggests that the rate of Cl- ion removal from the underfilm head 
electrolyte increases with NCl

- , giving rise to the empirically-derived 
logarithmic dependence given in Eq. (4). 

In addition, the deviation from linearity of the FFC area versus time 
plots shown in Fig. 7 is again consistent with Cl- ion depletion from the 
head electrolyte, which will eventually cause filament propagation to 
cease (at low NCl

- ) or tend to a lower gradient (at higher NCl
- ). The 

observation that the time at which the inflection in dA/dt gradients 
occurs increases with NCl

- also supports the theory that Cl- ions become 
progressively lost from the head electrolyte of filament populations. At 
low NCl

- , corresponding with the most dilute initiating C(MgCl2) of 
5 × 10− 3 M employed, curve i in Fig. 7 may be understood in terms of 
the corroded area increasing linearly with time as several discrete fila-
ments shown in Fig. 6a (ca. 0.1–0.3 mm width) propagate away from the 
defect at a mean elongation rate (dL/dt) of 0.05 mm h− 1 over a holding 
time of up to 100 h. However, during this time, filaments become visibly 
narrower and as their widths decrease below 0.1 mm at t > 100 h, their 
forward motion ceases. At the point where all filaments have stopped 
propagating, then dA/dt (Fig. 7i) becomes zero. The same analysis of 
individual filaments propagating at a higher initiating C(MgCl2) of 
0.02 M exhibited similar mean velocity values of 0.06 ± 0.01 mm h− 1. 
In addition, filament widths were also seen to decrease by up to 50% 
over a holding period of 200 h, typically from initial values of ca. 
0.5 mm, although for this higher initiating C(MgCl2), the filaments 
analysed did not cease to propagate. It can therefore be concluded that 
varying NCl

- does not produce significant changes in individual filament 
velocity and that the increase in dA/dt observed with increasing NCl

- is 
principally due to a progressively higher number of individual filaments, 
which coalesce to form larger unified underfilm corrosion features. The 
obvious decreases in dA/dt observed at protracted holding times in plots 
i – iv of Fig. 7 are caused by a progressive removal of Cl- from the 
electrolyte filled filament heads, which eventually cause de-activation of 
individual filaments (curve i) and/or decrease in the filament widths 
with time. 

Fig. 6. Photographic images of FFC affecting PVB coated E717 alloy after using 
MgCl2 concentration of (a) 5 × 10− 3, (b) 0.02, (c) 0.1 and (d) 0.5 M to initiate 
corrosion and exposing the samples to fixed 93% RH in air for 500 h at 20 ◦C. 

Fig. 7. Plots of FFC area versus time for PVB coated E717 alloy following 
corrosion initiation using MgCl2 concentrations of (i) 5 × 10− 3, (ii) 0.02, (iii) 
0.1, (iv) 0.5 M and subsequent exposure of the coated samples to humid air 
(93% RH) at 20 ◦C for 500 h. 
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3.3. The effect of varying relative humidity and the absence of oxygen 

Previous studies have shown that the availability and the activity of 
water at the coating/metal interface is an important controlling factor in 
the propagation rate of FFC on organic coated pure Mg samples [10]. In 
the present study, the influence of relative humidity (RH) on FFC 
corrosion of PVB coated E717 was investigated by varying the relative 
humidity in the holding environment using saturated salt solutions. The 
rate of filament propagation was studied using 5 different relative hu-
midity levels of 31%, 53%, 76%, 93% and 99% at a constant tempera-
ture of 20 ◦C. The inoculation of the FFC corrosion was achieved by 

applying 1 μL of 0.5 M MgCl2 in a penetrative coating defect and the 
appearance of the samples after 21 days of exposure at varying humidity 
levels are presented in Fig. 8. From Fig. 8, it is evident that both the 
lowest and the highest levels of RH did not produce filiform corrosion. 
The lowest humidity of 31% produced no obvious underfilm corrosion, 
whereas the highest level of humidity mostly resulted in blistering rather 
than features which could be identified as FFC (see Fig. 8e). The samples 
exposed to the intermediate levels of relative humidity in the range 
53–93% (see Fig. 8b–d) produced significant FFC in the immediate vi-
cinity of the penetrative defect. The plots of FFC affected area as a 
function of holding time were determined by analysing the photographic 

Fig. 8. Photographic images of the appearance of FFC on PVB coated E717 alloy kept in air at 20 ◦C and a constant RH of (a) 31%, (b) 53%, (c) 76%, (d) 93% and (e) 
99% for 500 h following corrosion initiation using 1 μL of 0.5 M MgCl2 (aq). 
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time-lapse sequences as previously described and are given in Fig. 9. 
It has been previously suggested that the main constituent of the 

electrolyte conserved at the filament head in FFC of organic coated Mg is 
concentrated MgCl2 (aq) electrolyte [10]. This was borne out of the fact 
that the reported deliquescence point of MgCl2 is 33% RH [32] and that 
no Mg FFC was observed when PVB coated pure Mg samples were 
exposed to relative humidity levels < 31%, [10]. Plot i in Fig. 9 shows 
that PVB coated E717 behaves in the same manner, again providing 
supporting evidence that indeed MgCl2 (aq) is the principal constituent 
of the electrolyte in FFC head regions. 

As indicated by the SEM-EDX images in Fig. 4, there is a significant 
abundance of chloride ions present in the head of the filaments where 
anodic magnesium dissolution occurs as per Reaction (1). The produc-
tion of Mg2+ (aq) from Reaction (1), along with the conservation of Cl- 

supplied by the injected electrolyte, will combine to produce a 
concentrated aqueous MgCl2 at the anodic leading edge. It would be 
expected that the highly deliquescent nature of MgCl2 at RH > 31% 
would cause water to be drawn to the head of the filament via osmosis 
[10]. However, as relative humidity is increased, it would be expected 
that the concentration of MgCl2 electrolyte within the filament head 
would become progressively dilute in order to maintain isopiestic 
equilibrium with the holding environment. At high RH (>99%), it ap-
pears that the head electrolyte composition is unable to support the 
propagation of filiform-like features and consequently underfilm 
corrosion takes the form of blistering (Fig. 8e). This transition from FFC 
to blistering at high RH is consistent with behaviour observed previously 
on other organic coated metallic substrates to anodic disbondment 
phenomena [11–13,18]. In the range 31% < RH > 99%, the influence of 
varying RH is broadly similar to previously reported results obtained 
over a shorter exposure time for commercially pure Mg in the presence 
of model PVB coatings [10], where increasing filament propagation 
rates with RH was directly linked with the availability of water and its 
transport to the underfilm electrolyte. In this study using E717 Mg 
substrates a progressive rise in RH from 53% to 93%, (Fig. 9, curves 
ii–iv) produced an increase in dA/dt from 0.094 to 0.29 mm2 h− 1, 
measured over the first 400 h of exposure. In terms of final corroded 
areas after the full 500 h holding time, RH values of 53%, 76% and 93% 
produced FFC areas of 60, 80 and 140 mm2 respectively surrounding 
each penetrative coating defect. An increase in the rate of FFC propa-
gation with RH would be expected, given that the principal underfilm 
cathodic Reaction is water reduction according to Reaction (1). How-
ever, for a fixed NCl

- , it would also be anticipated that a rise of humidity 

would also cause the concentration of underfilm MgCl2 (aq) electrolyte 
within the FFC head regions to become progressively more dilute, in 
order to maintain isopiestic equilibrium with the holding environment. 
At first sight, the observation of increasing values of dA/dt with RH 
seems contradictory with the progressive dilution of C(MgCl2) at the 
filament leading edges. However, it should also be noted that for a 
constant NCl

- , there would also be a corresponding increase in underfilm 
electrolyte volume and hence the area of underlying substrate in contact 
with corrosive electrolyte. As such, providing that the head C(MgCl2) 
does not drop below a threshold level required for active propagation, 
the observation of increased dA/dt with RH can be understood in terms 
of a progressive increase in underfilm electrolyte area of contact with 
the E717 substrate. 

As discussed previously in Section 3.2, the kinetics of FFC area 
propagation at 93% RH (Fig. 9 curve iv) show a slight divergence from 
linearity at protracted holding times. This suggests that the higher rates 
of propagation may lead to a more rapid exhaustion of the available 
soluble chlorides from the underfilm electrolyte. This divergence from 
linearity is not observed for samples subjected to lower levels of relative 
humidity (Fig. 9 curves ii and iii). The observation seems consistent with 
the notion of a more concentrated MgCl2 (aq) underfilm electrolyte at 
lower RH, which in turn would take longer to become depleted of Cl- 

ions to reach a threshold concentration at which filament propagation 
cannot be sustained. 

Although water reduction (Reaction 1) is commonly regarded as the 
predominant cathode reaction on corroding Mg alloy surfaces, recent 
investigations under both immersion and atmospheric corrosion condi-
tions have demonstrated that oxygen reduction can provide a contri-
bution to the overall cathodic process [38,39]. In order to ascertain the 
role of oxygen in the FFC of organic coated Mg alloys, a PVB coated E717 
sample was placed in a chamber without oxygen (i.e. held in a humid-
ified N2 flow) and high relative humidity (93%) and underfilm corrosion 
was initiated as previously using 1 μL of 0.5 M MgCl2 (aq). 

The FFC kinetics obtained from this experiment are plotted in Fig. 10 
using a corroded area versus time axes and are compared with an 
experiment carried out in air using the same RH, temperature and 
initiating C(MgCl2). The similarity of both plots indicates that the 
absence of O2 has little effect on the FFC area propagation rate and in 
this respect is consistent with observations made previously for filament 
advance on commercially pure Mg [10]. 

The insensitivity of filiform advance on E717 substrates to the 
presence of oxygen confirms the statement that differential aeration 

Fig. 9. Plots of FFC area versus time determined for a PVB coated E717 alloy 
held in air at 20 ◦C and a fixed RH of (i) 31%, (ii) 53%, (iii) 76% and (iv) 93% 
following corrosion initiation using 1 μL of 0.5 M MgCl2 (aq). 

Fig. 10. Plots of FFC area versus time for a PVB coated E717 alloy held at 20 ◦C 
and 93% RH in (i) air and (ii) nitrogen following corrosion initiation using 1 μL 
of 0.5 M MgCl2 (aq). 
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does not play a role in the underfilm FFC corrosion cell, as is the case for 
other metals such as iron and aluminium [12,15,18]. Recent work has 
reported cathodic activation of localised corrosion features, revealed by 
in-situ scanning vibrating electrode studies of un-coated E717 under 
immersion in chloride containing aqueous solution [28]. It is therefore 
proposed the filament advance on E717 substrates involves anodic 
undermining at the leading edge, driven by cathodic hydrogen evolution 
on an electro-catalytically enhanced corroded surface at the rear of the 
electrolyte filled head region. However, given evidence that regions of 
intense anodic Mg dissolution, according to Reaction (2), are also 
observed to strongly evolve hydrogen [10], it may be possible that local 
increases in pressure at the anodic filament leading edges due to 
hydrogen formation may also play a role by contributing to physical 
de-adhesion (prying) of the PVB coating from the Mg alloy surface. 

3.4. FFC of PVB AZ-series Mg alloys 

To further understand the filiform corrosion phenomenon on organic 
coated Mg alloys, two more Mg alloys were employed in this study, 
namely the AZ31 and the AZ91 Mg alloy. The presence of aluminium 
makes these alloys microstructurally different to E717 due to the for-
mation of Al-containing secondary phases and precipitates in the Mg 
matrix. The presence of principal secondary phases such as Mg17Al12 
(β-phase) in AZ91 [40,41] and Al–Mn (Al8Mn5) intermetallic particles 
[42] in AZ31 play an important role in the corrosion behaviour of these 
alloys. However, there is considerable debate on whether the corrosion 
resistance of Mg increases or decreases with higher aluminium content 
when un-coated samples are immersed in corrosive aqueous solutions 
[43–47]. It has been suggested that the relative nobility of the Mg17Al12 
phase formed in the microstructure of the AZ91 compared to the matrix 
can enhance the cathodic activity, thus reducing the corrosion resistance 
of the Mg alloy [48,49]. However, other researchers have stated that this 
phase can improve the corrosion resistance of Mg by acting as an inert 
barrier [40,50], thus hindering localised corrosion propagation in the 
Mg matrix [51]. In a separate study involving bare AZ91 and AZ31 Mg 
alloys subjected to atmospheric corrosion conditions, the former alloy 
exhibited superior corrosion resistance [52]. 

Using the same methodology to initiate underfilm corrosion as with 
the PVB-coated E717, 1 μL of 0.5 M MgCl2 (aq) was applied to the 
penetrative scribes and the visual evidence of the filiform corrosion 
produced on organic coated AZ31 and AZ91 after 2 weeks of exposure to 
93% relative humidity and 20 ◦C are presented in Fig. 11. As in the case 
of E717, the use of both equivalent quantities of HCl (aq) or FeCl2 (aq) to 
initiate FFC produced entirely similar results for both AZ alloy types. 

Using the same methodology for time-dependent FFC area quantifica-
tion as previously, the kinetics of the filiform corrosion rates were 
analysed for both PVB coated Mg alloys, and these are compared with 
the area versus time curve for E717 in Fig. 12. 

The AZ31B appears to be the most susceptible to FFC, (dA/dt of 
0.50 mm2 h− 1 over 400 h), compared to E717 where a dA/dt slope of 
0.29 mm2 h− 1 was determined over the same holding time. The AZ91 
surface was the most resistant to FFC advance, characterised by a dA/dt 
value of 0.13 mm2 h− 1 measured under identical conditions. This latter 
observation seems to support that the presence of a more corrosion 
resistant Mg17Al12 (β-phase) along the grain boundaries, acts as a barrier 
surrounding the α-matrix [40,53,54], significantly impedes filament 
advancement when compared to alloys where this phase is absent. 
Although this does not preclude an influence of aluminium enrichment 
in the surface oxide of the alpha phase as the alloy Al content is 
increased also providing enhanced resistance to anodic attack. The 
higher rate of FFC advance observed for AZ31B in comparison with E717 
seems to correlate with previously published observations regarding the 
propagation of localised corrosion characterised by in-situ SVET analysis 
under immersion in chloride containing electrolytes [28,55]. In the case 
of AZ31 immersed in 5% NaCl (aq), local cathodic current density values 
of ca. − 10 A m− 2 were measured immediately behind the anodic 
leading edges of advancing dark corrosion tracks, while under identical 
conditions, measured values were significantly lower (ca. − 5 A m− 2). 
Therefore, the greater extent of cathodic activation of the dark, corroded 
surface observed for AZ31 may in part account for its higher rate of FFC 
advance as shown in Fig. 12. 

Taking together all the findings discussed herein, a schematic dia-
gram representing the mechanism of atmospheric FFC on organic coated 
Mg alloys is proposed in Fig. 13. Also shown is the correlation of a 
typical SKP-derived Ecorr versus distance profile with the principal fea-
tures of the underfilm FFC anodic delamination cell. The mechanism is 
similar to the mechanism of atmospheric FFC on organic coated pure Mg 
[10], where anodic attack of the alloy surface at the filament leading 
edge produces a cathodically enhanced corroded surface, which be-
comes the principal cathode region during filament advance. Although 
chloride ions are conserved within the head electrolyte due to migration 
to the anodic leading edge in order to preserve electroneutrality, the 
findings of this investigation demonstrate that a significant fraction 
becomes progressively removed via entrapment in the corrosion 
product-filled filament tail. Consequently, once chloride ion concen-
tration within the head electrolyte decreases below a threshold level 
capable of sustaining sufficient underfilm corrosion cell current to 

Fig. 11. Photographic images of the appearance of FFC on PVB coated (a) AZ31 
and (b) AZ91 samples, 360 h after initiation of corrosion using 1 μL of 0.5 M 
MgCl2 and holding in air at 93% RH and 20 ◦C. 

Fig. 12. Plots of FFC area versus time for PVB coated (i) AZ91, (ii) E717 and 
(iii) AZ31 samples after initiation of underfilm corrosion using 1 μL of 0.5 M 
MgCl2 and holding in air at 93% RH and 20 ◦C. 
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maintain filament advance, then the filament will de-activate. 

4. Conclusions  

• Organic coated Mg alloys are susceptible to filiform corrosion (FFC) 
as exemplified by the behaviour of PVB coated E717 alloy where 
underfilm corrosion was initiated by applying different aqueous 
electrolytes including MgCl2, HCl and FeCl2 to a penetrative coating 
defect. Once FFC has become established, ensuing FFC propagation 
rates do not seem to be significantly dependent on the initiating 
cation.  

• The scanning Kelvin Probe (SKP) technique was utilised to map the 
free corrosion potentials (Ecorr) associated with regions of PVB- 
coated E717 surfaces affected by FFC. The leading edge of the fila-
ment tracks adopt local Ecorr values of − 1.3 ± 0.05 V vs. SHE, while 
typical values of − 1.1 ± 0.1 V vs. SHE are established over the 
uncorroded surface. Ecorr values measured over filament tail regions, 
left behind the advancing anodic leading edges, are typically 100 mV 
more negative than the surrounding intact surface.  

• FFC propagation rate was shown to be dependent on the number of 
moles of Cl- ions (NCl

- ) used to initiate underfilm corrosion. The initial 
rate of growth of FFC affected areas (dA/dt) was shown to increase as 
a function of log10NCl

- . At longer exposure times dA/dt slopes 
decreased significantly and the time at which an inflection in the A 
vs. t curve was observed progressively lengthened with increasing 
NCl

- . This behaviour is attributed to the progressive depletion of the 
chloride ions from the filament head electrolyte by entrapment 
within corrosion product deposits in the tail regions left behind the 
advancing FFC leading edge. This was confirmed by using SEM-EDX, 
where chloride ion mapping showed high abundance at individual 
filament leading edges, but also within areas corresponding to the 
dark corrosion product filled tails.  

• Increasing levels of relative humidity in the range 31–93% in air 
produced progressively greater rates of FFC propagation, with 
maximum dA/dt rates measured at 93%. Furthermore, no FFC 
propagation was observed for samples subjected to 31% RH, corre-
sponding to the deliquescence point of MgCl2, whereas exposure to 
99% RH produced a blistering phenomenon. From the 

aforementioned results, it can be concluded that the water avail-
ability in the holding environment plays an important role in the FFC 
of coated Mg alloys. Additionally, experiments carried out both in 
the absence and presence of oxygen revealed that the rate of FFC 
propagation was insensitive to oxygen, since rates of FFC advance 
were found to be similar in both cases.  

• Finally, the FFC behaviour of other technologically important AZ31 
and AZ91 series Mg alloys was investigated. Results showed that 
both PVB coated alloys produced FFC in a similar manner to E717, 
although propagation rates measured under identical conditions 
were greater for AZ31, while AZ91 showed the highest resistance to 
FFC advance. 
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