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Abstract:  

In-coating natural (carbonate exchanged) hydrotalcite is shown to significantly reduce the 

extent of filiform corrosion (FFC) on Zinc-Aluminium-Magnesium (ZAM) coated steels. 

The hydrotalcite pigment is dispersed within the model poly vinyl butyral (PVB) coating, 

which is then applied to ZAM. Acetic acid is applied to an artificial scribe penetrative 

PVB coating defect to initiate corrosion. Filiform corroded area and filament length are 

shown to decrease with increase in pigment volume fraction (ϕ). Tapering of filaments is 

also observed. Findings are consistent with hydrotalcite acting to sequester anions or 

neutralise the filiform head electrolyte.  

Keywords; A Steel A Magnesium A Metal Coatings A Organic Coatings C 

Atmospheric Corrosion C Polymer Coatings.  
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1. Introduction 

Coatings based on Zinc-aluminium-magnesium (ZAM) alloys are increasingly being used 

to afford cathodic protection to steel typically used within automotive and construction 

industries, with the aim of decreasing corrosion compared to more traditionally used Zn 

coatings. [1] ZAM coatings are typically overcoated with organic coatings to provide 
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further protection and allow for control of aesthetics. However, such layers are 

susceptible to failure, often via the formation of defects that penetrate the coating, 

allowing aggressive ions from an electrolyte to travel to the underlying metal [2]. In this 

paper we focus on the use of in-coating natural (carbonate exchanged) hydrotalcite (HT) 

to prevent a type of driven coating failure atmospheric corrosion, namely filiform 

corrosion (FFC), which can be initiated on ZAM by acetic acid, CH3COOH (referred to 

throughout this paper as HAc) [3]. This research is timely and novel given both the lack 

of information pertaining to the inhibition of FFC as it occurs on industrially important 

ZAM coatings, and given increasing levels of legislation which bring an end to the use of 

traditionally used corrosion inhibitors.  

FFC is a well-established form of localized corrosion which occurs at high relative 

humidity (60-95 % RH) [4-5] when an electrolyte breaches an organic coating and comes 

into contact with the metal underneath, resulting in anodic undercutting and subsequent 

detachment of the coating at the electrolyte containing filament ‘head’ [2, 4-6]. In the 

case of HAc induced FFC on ZAM, it is the intermetallic MgZn2 which undergoes anodic 

dissolution at the head of the propagating filament [3]. The dissolution of the coating 

allows O2 to percolate to the Fe substrate beneath, on which it takes part in the cathodic 

ORR, primarily at the back of the head. This differential aeration mechanism allows for 

the propagation of FFC [4-9], which takes the form of threads/ tracks of insoluble 

hydr(oxide) based corrosion product which precipitates under the organic coating in the 

path of the advancing head [4-5].  

Although FFC can be initiated using FeCl2, NaCl and HCl on iron [7-8, 10], aluminium
 
[9, 

11-17], and magnesium [18], only HAc, which is formed during numerous technological 

and biological processes [19-27], has been shown initiate FFC on ZAM reproducibly [3].  
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Efforts to prevent types of organic coating failure such as FFC have primarily been 

focused on the use of pigments based on hexavalent chromium (CrVI). However, the 

Cr(VI) compounds, which can be incorporated within a pre-treatment layer or as a 

pigment within a primer layer, are both carcinogenic and toxic [28-30] and alternative 

systems are a topic of current research. However, as of yet, there has not been any work 

pertaining to the inhibition of FFC as it occurs on ZAM.  

One system which holds potential as an alternative corrosion inhibitor is hydrotalcite 

(HT), which takes the form of a white anionic clay. It is commercially available and 

consists of a layered structure of lamellar mixed hydroxides (both natural or synthetic), 

containing exchangeable anions [31]. It falls within the category of layered double 

hydroxides (LDH) which can exist in a wide variety of forms with different chemical 

compositions or crystallographic properties [32]. Equation 1 shows the general formula 

of this anionic clay where M
2+

 and M
3+

 are divalent and trivalent metal ions respectively, 

A
n-

 is the interlayer exchangeable anion and x has valences between ~ 0.25 and 0.33 [33].  

[𝑀1−𝑥
2+ 𝑀𝑥

3+(𝑂𝐻)2]𝑥+ [𝐴𝑥

𝑛

𝑛−𝑦𝐻2𝑂]      (1) 

In this work we make use of a low-cost Mg/Al hydroxycarbonate 

Mg6Al2(OH)16(CO3.4H2O). The layered structure resembles that of brucite (Mg[OH]2). 

However, the Al
3+

ions, present within octahedral positions, are randomly substituted for 

Mg
2+

 ions, this resulting in the layer exhibiting a net positive charge. Electroneutrality is 

then maintained by exchangeable anions (typically CO3
2–

) which locate themselves in 

spaces between layers. Although a variety of anions can be incorporated [34-35], in 

nature, carbonate (CO3
2–

) anions fill the interlayer of HT [32, 36-37]. This property 

means that HT can be used in a variety of applications: in polymer systems as scavengers 
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of halogen; as halide getters in aqueous solutions [31, 33]; and to neutralize aqueous acid 

[31]. One notable example is within the PVC industry, where it acts as a scavenger of 

HCl [31] and as a medical antacid [38]. Other work has demonstrated the ability of HT to 

remove carboxylic acids including acetic acid from aqueous solution [39, 40]. This 

property also means that HTs are able to behave as exchangers (e.g. the interlayer anions 

can exchange with anions in an external media) that supply a wide range of anions which 

exchange with aggressive anions present within the filament head electrolyte [35]. This 

provides active corrosion inhibition whereby a stimuli (in this case the contact of an 

electrolyte) causes the release of anions from the organic coating matrix. This controlled 

release helps to prevent leaching, incomplete inhibition and osmotic blistering [41-42]. 

HT has been shown to inhibit FFC previously. For example, the inhibition of HCl 

induced FFC on AA2024 was attributed to the removal of Cl
-
 ions within the head 

electrolyte, as well as the progressive neutralization of the head electrolyte that occurred 

as the filaments came into contact with fresh in-coating HT [35]. A reaction between the 

metal and anions (released into the electrolyte during exchange) was also believed to 

result in chemical inhibition [35]. Other work has demonstrated the ability of HT to act as 

an exchange compound which can release zinc and vanadate ions to inhibitor corrosion of 

AA2024 [43-44]. More recently, LDH have been shown to inhibit FFC of AA5005 [45]. 

HT has also been used within a coating to prevent FFC of packaging material used in the 

presence of acids [46]. 

The present paper investigates the use of HT as a pigment which can be incorporated into 

organic coatings to inhibit FFC on ZAM. In so doing, varying amounts of HT pigment 

are dispersed within a model poly vinyl butyral (PVB) coating which is then applied to 

Jo
ur

na
l P

re
-p

ro
of



ZAM samples. FFC is initiated using HAc, and FFC corroded area and filament length 

are recorded for each pigment volume fraction (øHT).  

 

2. Materials and Methods 

2.1 Materials 

Production line material was obtained from Tata Steel Europe and consisted of 0.7 mm 

gauge mild steel with a 10 µm thick (140 g.m
-2

) Zn-1.5 wt. % Al- 1.5 wt. % Mg coating 

layer on each side. 5 cm × 5 cm sized coupons were cut from the sheets and were cleaned 

using an aqueous slurry of 5 μm polishing alumina. They were then rinsed with distilled 

water and degreased in hexane before being left to air dry. Synthetic hydrotalcite (HT) 

and polyvinyl butyral-co-vinyl alcohol-co-vinyl acetate (PVB), molecular weight 70,000-

100,000, as well as all the solvents and reagents used were supplied by the Sigma-Aldrich 

Chemical Company and of analytical grade.  

2.2 Methods 

Coating formulation; Synthetic pigment grade HT (1-5 µm particle size) was used as 

supplied, and therefore contained CO3
2–

 anions and the dispersing agent stearic acid 

(octadecanoic acid) which acted as a dispersing agent. The anion- exchange capacity of 

HT was taken to be similar to that obtained in previous work which had made use of 

exhaustive back-exchange (using 0.1 M aqueous Na2CO3) to calculate the quantity of 

exchangeable Cr4
2− present in the HT − Cr4

2− pigment. The back-exchange solutions were 

analysed using ultraviolet-visible spectrophotometric analysis. 0.35 mmol of 

exchangeable Cr4
2− was detected per gram of pigment, this corresponding to an anion-
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exchange capacity of 0.7 milliequivalents (meq) g
-1

. This is consistent with previously 

findings [33], but less than ca. 3 meq g
-1

, the maximum value predicted for HT like 

compounds, when x in the general formula is ca. 0.3. HT pigments were dispersed into 

the PVB coating at four different pigment volume fractions (øHT). Whilst it is recognized 

that PVB is not representative of typical industrial coating systems, it was deemed a 

suitable coating for use in this work as it delaminates within a short time scale and 

therefore allows for a relatively efficient means of comparing the ability of a pigment to 

inhibit coating disbondment when incorporated within an organic coating. Equation 2, 

where 𝑀𝑝𝑜𝑙  is the mass of the polymer (0.8 g.cm
-3), 𝜌𝐻𝑇 is the density of the relevant 

pigment (2.06 g.cm
-3

 for HT) and 𝜌𝑝𝑜𝑙  is the density of the polymer (1.083 g.cm
-3

), can be 

used to calculate the HT pigment mass (𝑀𝐻𝑇) required for each value of øHT .  

𝑀𝐻𝑇 =  
∅𝐻𝑇× 𝑀𝑝𝑜𝑙×𝜌𝐻𝑇

(1−∅𝐻𝑇)×𝜌𝑝𝑜𝑙
      (2)  

The relevant amount of HT was dispersed within a small amount of ethanol to form an 

ethanolic slurry. This process aided the subsequent dispersion of HT within the relevant 

amount of 15.5 % w/w PVB and helped prevent HT agglomeration. The mixture was 

stirred thoroughly using a high shear mixer and maintained as a dispersion until used by 

more gentle agitation using a magnetic stirrer.  

Materials Characterisation; A Hitachi TM3000 SEM was used to obtained images of 

filaments formed on ZAM. Prior to imaging, samples were ultra-sonicated in a hexane for 

10 minutes to mechanically remove the PVB organic, and any corrosion product through 

cavitation.   
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Filiform Corrosion; Once the coupons had been cleaned and degreased, insulating tape 

was applied in strips onto two of the parallel edges and behaved as a height guide. A bar-

casting process was used to apply PVB which was left dry, resulting in a thickness of 30 

µm. A scalpel was used to produce 10 mm linear defects which penetrated the PVB. 2 L 

aliquots of 1.5 mol.dm
-3

 HAc (pH~2) were applied to each defect using a micro syringe. 

Reservoirs of saturated Na2SO410H2O [2-3, 7-8, 13-15] were used to maintain a relative 

humidity (RH) of 93 % within an experimental chamber, into which the coupons were 

placed. Images of the sample surface were obtained on a weekly basis. Sample removal 

allowed for the chamber air to be refreshed. A Canon EOS was used to obtain images and 

measurements of FFC corroded area and filament length were taken using Sigma Scan 

Pro 5 software. The pre-measured real distance between two points in the image was used 

to calibrate the software. Corroded area was recorded for each scribe (2 per sample), 

resulting in four measurements for each øHT.  

3. Results  

3.1 Filiform Corrosion Study 

The effect of in-coating HT øHT on FFC inhibition was systematically studied following a 

methodology described previously whereby 2µL of 1.5 mol.dm
-3

 HAc was injected into 

the scribe defects [18]. Figure 1 shows optical images (representative) of PVB coated 

ZAM samples taken 1, 3 and 5 weeks after initiation. In the case of unpigmented PVB, 

FFC is observed within one week of initiation (Figure 1) and after 3 weeks, filaments 

have extended out and propagate away from the scribe in a perpendicular direction. 

Images were obtained for each øHT, and those acquired for 0.1 øHT and 0.2 øHT are shown 

in Figure 1. In both cases there is a delay in the initiation of FFC and there is very little 
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visible corrosion after 1 week. For coatings that contain 0.1 øHT, a small number of 

filaments are observed after 3 weeks. For 0.2 øHT, filaments are not clearly visible until 5 

weeks after initiation. Images of the PVB coated ZAM samples after 5 weeks are shown 

in Figure 2. It is clear, from both the images and Table 1, that there are significantly less 

filaments present in the case of higher øHT. Filaments seem to take longer to become 

clearly established and are typically smaller in length.  

(Figure 1) 

(Figure 2) 

(Table 1) 

Total corroded area was obtained by digital image analysis of each type of sample. The 

values were obtained as a function of time for various øHT and are plotted in Figure 3 and 

shown in Table 2. The confidence intervals correspond to ± one standard deviation on the 

mean of four measurements. The figure inset shows a portion of the graph at higher 

resolution which allows for a more detailed interrogation into the nature of the FFC 

kinetics. As can be seen, linear kinetics are observed for both the control and 0.05 øHT. In 

comparison, above 0.05 øHT, the growth of FFC corroded area tends to lower rates at 

longer holding times, as well as deviating from linearity.  

For comparative purposes, the initial mean corroded area rate was assumed to be linear in 

all cases (independent of øHT) as it is deemed likely that 1.) the change in volume of the 

head electrolyte would be limited and 2.) the filament length is too small to allow cation 

migration to become rate determining within this short initial time period. The mean 

corroded area rate for each øHT was obtained using linear regression (solid lines) and the 

values obtained are shown in Table 3. A rate of 0.23±0.01 mm
2
.week

-1
 was obtained for 
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0øHT, 0.11±0.01 mm
2
.week

-1
 for 0.05 øHT, 0.08±0.01 mm

2
.week

1 
for 0.10 øHT, and 

0.05±0.01 mm
2
.week

-1
 for 0.15 øHT and 0.01±0.01 mm

2
.week

-1
 for 0.20 øHT. 

At this point, it should be borne in mind that it becomes increasingly difficult to 

determine the order of kinetics from an integrated rate plot in the case that FFC corroded 

area becomes small (as is true at higher øHT). Any claim regarding the linearity of FFC 

area-time plots must thus be caveated when inhibition or corrosion resistance makes the 

extent of area increase small over the experimental time period.  

(Figure 3) 

(Table 2) 

(Table 3) 

Filament length was obtained following a similar methodology as that used to obtain FFC 

corroded area. Figure 4 shows filament length as a function of time for various øHT. As 

can be seen, linear kinetics are observed for both the control and 0.05 øHT. However, 

above 0.05 øHT, the linear growth of FFC tends to lower rates at longer holding times.  

The linear growth rate of FFC on samples coated in HT containing are worked out 

initially, and then after some time, to show that propagation slows at the higher øHT (two 

phases represented by the solid and broken lines in Figure 4). The mean linear growth 

rate for each øHT was obtained using linear regression (solid lines) and are shown in Table 

3. A rate of 1.18±0.03 mm.week
-1

 was obtained for 0øHT, 0.79±0.02 mm.week
-1 

(solid 

line) and 0.50±0.01 mm.week
-1

 (broken line) for 0.05 øHT, 0.66±0.02 mm.week
-1 

(solid 

line) and 0.59±0.09 mm.week
-1

 (broken line) for 0.10 øHT, and 0.41±0.05 mm.week
-1 

(solid line) and 0.46±0.01 mm.week
-1

 (broken line) for 0.15 øHT and 0.43±0.02 mm.week
-

Jo
ur

na
l P

re
-p

ro
of



1 
(solid line) and 0.28±0.02 mm.week

-1
 (broken line) for 0.20 øHT.  

(Figure 4) 

Figure 5 shows SEM images of filaments propagating on 1.5Al-1.5Mg coated steel for 

which the PVB overcoat contains a.) 0 øHT and b.) 0.1 øHT. As can be seen, in the case that 

PVB is unpigmented, the filament width remains fairly consistent as the filament 

propagates over the substrate (arrows show direction of propagation of various filaments). 

In comparison, Figure 5b shows the case that the PVB contains 0.1 øHT. The image shows 

the presence of several filaments, one of which travels from the left of the image to the to 

right and appears to cross paths with a different filament which travels from the bottom of 

the image to the top. This observation is at odds with the behaviour of FFC as it occurs on 

iron, on which filaments never cross one another [29]. For example, Van Loo et al. found 

that if an active head strikes an active body the active filiform it is deflected at an angle 

approximately equal to the angle of incidence [29]. Ruggeri and Beck postulate that an 

active head does not cross the tail as it would then encounter a new source of oxygen 

meaning a change in the relative positions of the anodic and cathodic 

sites [5]. Slabaugh and Grotheer suggest that FFC heads are discouraged from 

progressing in areas of film from which the water soluble components have already been 

extracted [9].  

The fact that corrosion filament crossing is observed on PVB coated ZAM implies that 

the differential aeration cell is less sensitive to any disruption caused when encountering 

a new source of oxygen. It was demonstrated previously that selective, HAc induced 

dissolution of Mg rich phases within the eutectic caused iron exposure [3]. As a result, a 

differential cathodic activation mechanism was proposed, in which anodic metal 

dissolution at the front of the filament is coupled to oxygen reduction at the back of the 
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filament head, electrocatalytically enhanced by a percolative route through the corroded 

ZAM layer to the underlying steel substrate [3]. However, subsequent precipitation of 

corrosion product in the tail region immediately behind the advancing may block these 

percolative networks to the underlying steel. The observation of an active filament 

advancing across the tail of another implies that 1.) sufficient Mg rich phases remain in 

the tail region of one filament to sustain adequate anodic activity at the leading edge of 

another to allow cross-filament propagation to continue and 2.) the principal cathodic site 

of the crossing filament located immediately behind anodic leading edge remains 

uninterrupted as it impinges on the tail of another. In addition, the filament crossing 

phenomenon also suggests that the porous corrosion deposit in the filament tail regions 

do not provide a sufficiently resistant barrier to further anodic dissolution of the 

underlying, previously corroded ZAM surface. 

The ability of individual filaments to cross one another does not appear to affect the 

width of each filament and the width of the active head region appears to be similar prior 

to, and after, encounter with the tail of another filament. However, the width of each 

filament appears to decrease as the filament propagates further away from the defect. 

Figure 6 shows filament width as a function of filament propagation length for the case 

that FFC is initiated on 1.5Al-1.5Mg coated steel by injecting 2 µL of 1.5 mol.dm
-3

 HAc 

to a penetrative PVB coating scribe when PVB contains 0.1 øpig Filament width is 

initially ~130-160 µm, but decreases to approximately half this value after travelling ~ 

1.5 µm.  

(Figure 5) 

(Figure 6) 
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4. Discussion 

The kinetics of FFC as it occur on ZAM is have been characterized in detail in previous 

publications [3]. The FFC corroded area increases linearly with time (Figure 3) for both 

the control and 0.05 øHT, this being consistent with a constant rate of FFC propagation 

and conservation of the head electrolyte [2, 4-5].
 
Another implication of linear kinetics is 

that the distance between the main cathodic site and leading anodic head remains constant 

[13]. In comparison, above 0.05 øHT, the growth of FFC corroded area tends to lower 

rates at longer holding times, as well as deviating from linearity.  

In the absence of HT, filiform propagates at a substantially constant rate on ZAM, this 

finding being consistent with conservation of acetate electrolyte volume in the filiform 

head
 
[2, 4-5]. In the case that the composition of the electrolyte contained within the head 

remains constant, its volume (which is in isopiestic equilibrium with the reference 

solution) is proportional to initiator HAc concentration. There does not appear to be a 

relationship between the width of each filament (diameter of head electrolyte) and rate of 

filament extension, this being consistent with mass transport control which may arise 

ohmically due to the transport of ions through poorly conducting media or along 

substrate/coating interfaces.  

The deviation in linearity of FFC corroded area growth rate at longer holding times for 

øHT> 0.05 (Figure 3 inset) is consistent with a decrease in the rate growth in filament 

length (Figure 4) within phase 2 (broken trend lines). The rate at which the length of 

individual filaments increases appears to be highly dependent upon øHT (Figure 4). The 

rate at which the filaments propagate decreases after an initial period (phase 1) at 

øHT≥0.05. The lower filament length growth rates observed after ~ 3 weeks (phase 2) for 
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correspond to tapering of filaments with lower filament head radius (width), or those for 

which width decreases as a function of length (Figure 5 and Figure 6). Such observations, 

namely the filament length growth rate being influenced by the filament width, is 

consistent with activation controlled FFC, where propagation is controlled by the 

underfilm cathode [13] and thinner filaments move more slowly than larger ones (in 

contrast to the ohmically controlled FFC observed on iron, for which filaments tend to 

travel at the same rate, regardless of width). A decrease in propagation rate as the 

filament becomes progressively more tapered is consistent with propagation under 

cathodic control and anodic ZAM dissolution being coupled with cathodic ORR on the 

exposed iron substrate towards the back of the droplet.  

On samples containing 0.2 øHT, filament propagation has completely stopped after 4 

weeks. The ability of HT to remove HAc from aqueous solution and displace carbonate 

as CO2 has been demonstrated previously [39] and is related to the low pKa value (4.7) 

associated with HAc compared to carbonate and hydrogen carbonate anions [40]. It 

therefore seems plausible that HT acts to scavenge Ac
-
 via an anion exchange reaction 

(Equation 3), shown schematically in Figure 7. The formation of water via the acid base 

reaction (Equation 4) will result in an increase in head electrolyte volume. Excess H2O 

acts to dilute the electrolyte present within the filament head, this reducing the number of 

aggressive anions per volume of electrolyte and resulting in an increased pH. 

2𝐻𝐴𝑐(𝑎𝑞)  +  𝐶𝑂3
2−

(𝐻𝑇)
→ 2𝐴𝑐−

(𝐻𝑇)  +  𝐶𝑂3
2−

(𝑎𝑞)
→  (3) 

2𝐻𝐴𝑐(𝑎𝑞)  +  𝐶𝑂3
2−

(𝑎𝑞)
 → 𝐻2𝑂(𝑙)  +  𝐶𝑂2(𝑔) + 2𝐴𝑐−

(𝑎𝑞)  (4) 

This neutralization process will be accompanied by evaporation, which takes place to 

maintain isopiestic equilibrium with the reference solution used. This loss in acetate will 
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reduce the volume of electrolyte present within the head electrolyte, and thus the filament 

width (diameter of electrolyte droplet).  

(Figure 7) 

It is possible to calculate the amount of coating HT required to replace all the Ac
-
 within 

the electrolyte. Table 4 shows the area of the 30 µm coating required to exchange Hac 

present within the head electrolyte in the case that øHT varies between 0.05 and 0.2. In all 

cases the coating volume per m
2
 is assumed to be 3 × 10−5m3 and the head electrolyte is 

taken to be 2 L aliquots of 1.5 mol.dm
-3

 Hac (3 × 10−6mols. m−2). It is clear from 

Table 4, that even at 0.2 øHT, a coating area of 3.6 cm
2 
would be required to replace all of 

the Ac
- 
within the head. The small filament width, along with the highly concentrate 

nature of the head electrolyte, means that the filament would need to propagate a large 

distance before most of the Ac
-
 can be removed. However, the tapering of filaments 

observed in Figure 6 suggest that it is possible that the electrolyte concentration decreases 

to a point at which propagation may cease.   

(Table 4) 

5. Conclusions 

In-coating HT leads to a reduction in the filiform total corroded area, average filament 

length, and average number of filiform corrosion filaments per defect observed on Zn-Al-

Mg hot dip coated steel. The degree of inhibition scales with the level of HT added (with 

higher amounts of HT results leading to reduced corroded area and fewer, shorter 

filaments). HT is believed to scavenge Ac
-
 via an anion exchange reaction which results 

in an increase in head electrolyte volume and dilution of the head electrolyte. This 

neutralization process will be accompanied by evaporation and the loss in acetate will 
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reduce the volume of electrolyte present within the head electrolyte, and thus the filament 

width (diameter of electrolyte droplet). The finite amount of HT present in the coating 

limits the number of exchange reactions that occur and corrosion continues in the case of 

that the HT capacity is exhausted, as may occur at higher concentrations of Hac. HT is 

therefore believed to have potential as a viable, non toxic method of reducing the extent 

to which FFC is able to initiate and propagate on organically coated Zn-Al-Mg hot dip 

galvanized steel. This finding is significant given 1.) the lack of work pertaining to the 

inhibition of FFC occurring on ZAM, 2.) the increasing use of ZAM for industrial 

applications and 3.) the need to find non toxic replacements for inhibitors based on 

hexavalent chromium.  
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7. Figure Legends 

 

Figure 1. Optical images of FFC propagating on 1.5Al-1.5Mg coated steel 1 week, 3 

weeks and 5 weeks after FFC has been initiated by injecting 2 µL of 1.5 mol.dm
-3

 HAc to 

a penetrative PVB coating scribe defect. Images are shown in the case that the PVB 

contains 0, 0.1 or 0.2 øpig hydrotalcite. 
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Figure 2. Optical images FFC on 1.5Al-1.5Mg coated steel 5 weeks after FFC has been 

initiated by injecting 2 µL of 1.5 mol.dm
-3

 HAc to a penetrative PVB coating scribe 

defect. Images are shown in the case that the PVB contains 0, 0.1 or 0.2 øpig hydrotalcite. 
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Figure 3. The time dependent corroded area for the case that FFC is initiated on 1.5Al-

1.5Mg coated steel by injecting 2 µL of 1.5 mol.dm
-3

 HAc to a penetrative PVB coating 

scribe defect in the case that PVB contains varying amounts of hydrotalcite. The 

confidence limits (error bars) given correspond to ± one standard deviation on the mean 

of four measurements.  
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Figure 4. The time dependent filament length for the case that FFC is initiated on 1.5Al-

1.5Mg coated steel by injecting 2 µL of 1.5 mol.dm
-3

 HAc to a penetrative PVB coating 

scribe defect in the case that PVB contains varying amounts of hydrotalcite. The 

confidence limits (error bars) given correspond to ± one standard deviation on the mean 

of four measurements.  
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Figure 5. SEM images of filaments initiated on 1.5Al-1.5Mg coated steel by injecting 2 

µL of 1.5 mol.dm
-3

 HAc to a penetrative PVB coating scribe in the case that the PVB 

contains a.) 0 øHT and b.) 0.1 øHT 
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Figure 6. Plot of filament width as a function of length along propagating filament for the 

case that FFC is initiated on 1.5Al-1.5Mg coated steel by injecting 2 µL of 1.5 mol.dm
-3

 

HAc to a penetrative PVB coating scribe when PVB contains 0.1 øpig 

 

Figure 7. A schematic showing the anion exchange reaction during which in-coating HT 

is believed to scavenge Ac
-
 from the filiform head electrolyte, thus reducing the extent of 

filiform corrosion occurring on Zn 1.5Al-1.5Mg coated steel.  
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8. Tables  

Table 1. Average number of filaments for the case that FFC is initiated on ZAM coated 

steel by injecting 2 µL of 1.5 mol.dm
-3

 HAc to a penetrative PVB coating scribe defect in 

the case that PVB contains varying amounts of hydrotalcite. The confidence limits (error 

bars) given correspond to ± one standard deviation on the mean of four measurements 

øpig Hydrotalcite Number of filaments per Scribe 

0 9±2 

0.05 8±1 

0.1 7±1 

0.15 3±1 

0.2 2±1 

Table 2. Average FFC corroded area rate per 10 mm artificial scribe defect, for the case 

that FFC is initiated on ZAM coated steel by injecting 2 µL of 1.5 mol.dm
-3

 HAc to a 

penetrative PVB coating scribe defect in the case that PVB contains varying amounts of 

hydrotalcite  

Time (weeks) Corroded Area (mm
2
) 

 0 øHT 0.05 øHT 0.1 øHT 0.15 øHT 0.2 øHT 

0 0 0 0 0 0 

1 0.19±0.05 0.09±0.03 0.09±0.02 0.08±0.01 0.02±0.01 

2 0.36±0.09 0.18±0.03 0.17±0.05 0.10±0.01 0.02±0.01 

3 0.64±0.10 0.29±0.06 0.25±0.05 0.17±0.04 0.03±0.01 

4 0.97±0.15 0.42±0.07 0.34±0.05 0.21±0.05 0.03±0.02 

5 1.21±0.18 0.60±0.09 0.40±0.07 0.25±0.09 0.04±0.02 
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Table 3. Average FFC corroded area rate and FFC length rate obtained when FFC is 

initiated on ZAM coated steel by injecting 2 µL of 1.5 mol.dm
-3

 HAc to a penetrative 

PVB coating scribe defect in the case that PVB contains varying amounts of hydrotalcite.  

øHT. dA/dt 

mm
2
.week

-1
 

dL/dt 

mm.week
-1 

Phase 1 

dL/dt 

mm.week
-1 

Phase 2 

0 0.23±0.01 1.18±0.03  

0.05 0.11±0.01 0.79±0.02 0.50±0.01 

0.1 0.08±0.01 0.66±0.02 0.59±0.09 

0.15 0.05±0.01 0.41±0.05 0.46±0.01 

0.2 0.01±0.01 0.43±0.02 0.28±0.02 

 

Table 4. Calculations for the area of 30 µm PVB coating required to exchange 2 L of 

1.5 mol.dm
-3

 Hac head electrolyte in the case that øHT varies between 0.05 and 0.2.  

øHT 0.05 0.1 0.15 0.2 

Volume of HT per m
2 

øHT × Volume 

15 × 10−7 3 × 10−6 4.5 × 10−6 6 × 10−6 

Mass (g) of HT per m
2 

ρ x V
 

3  6  9  12  

Equivalents per m
2 

Empirical (0.7 meq.g
-1

) 

[37] 

2.1 meq.m
-2

 4.2 meq.m
-2

 6.3 meq.m
-2

 8.4 meq.m
-2

 

Area of coating (m
2
) 

required to exchange 2 L 

of 1.5 mol.dm
-3

 HAc 

1.5 × 10−3 7.1 × 10−4 4.8 × 10−4 3.6 × 10−4 

 

  

Jo
ur

na
l P

re
-p

ro
of



CRediT authorship contribution statement 

N. Wint: Formal analysis, data curation, writing-original & draft, writing- review and 

editing, visualization.  

D. Eaves: Validation, formal analysis, investigation, data curation. 

G.Williams: Conceptualization, methodology, writing- review and editing, supervision 

H.N. McMurray: Conceptualization, methodology, writing- review and editing, 

supervision 

 

 

  

Jo
ur

na
l P

re
-p

ro
of



Declaration of interests 

 

☒ The authors declare that they have no known competing financial interests or personal 

relationships that could have appeared to influence the work reported in this paper. 

 

☐The authors declare the following financial interests/personal relationships which may be 
considered as potential competing interests:  
 

 

 

 

 

  

 

Jo
ur

na
l P

re
-p

ro
of



Highlights 

 In-coating carbonate exchanged hydrotalcite reduces filaments initiated on 

Zn-Al-Mg. 

 Filiform corroded area decreases with increase in hydrotalcite volume fraction.  

 Filament propagation rate decreases with increased hydrotalcite volume 

fraction. 

 Decrease in filament width at reduced rates of filament propagation.  

 Hydrotalcite thought to sequester anions or neutralise head electrolyte.  
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