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Abstract 
 
In this thesis the protectiveness of coatings of three different commercial polymers (PEI, 
PVDF and PAN) against corrosion of magnesium AZ31 alloy sheet was investigated. The 
coatings, prepared by spin-coating and dip-coating methods in determined optimal conditions, 
on as-received, ground and acid cleaned (hydrofluoric acid (HF), acetic acid and nitric acid) 
substrates were investigated by electrochemical impedance spectroscopy (EIS) and immersion 
tests (performed in 3.5 wt.-% NaCl solution and also in simulated body fluid (SBF) in case of 
PAN ). Analyse techniques such as Fourier transform infrared spectroscopy (FT-IR), 
thermogravimetry (TGA), differential scanning calorimetry (DSC), scanning electron 
microscopy (SEM) and simulation of the EIS spectra by electronic circuits models provided 
detailed information about the coatings properties. Pull-off adhesion tests and x-ray 
photoelectron spectroscopy (XPS) were applied for the interface investigation. 
 
The performance of all dip-coated samples was much superior in the hydrofluoric acid (HF) 
treated substrate than in the others. This is related to an acid-base interaction at the interface 
where the substrate acts as a base and the polymers as acids. Interfacial reactions between 
corrosion products and the polymer produced derivatives with higher polarity which increased 
the interfacial interaction. Substrate surface roughness showed considerable influence on the 
coating performance, especially at low coating thicknesses. The substrate pre-treatment which 
rendered the lower coating performance was the acetic acid cleaning due to the excessive 
surface roughness. The nitric acid pre-treatment was much milder and showed good results. 
This treatment is also the most appropriate for industrial applications since it renders low 
surface roughness and impurity levels in a much harmless manner compared to HF. Due to 
the low thickness of the coatings prepared by the spin-coating method, the performance of 
these coatings was only comparable to those prepared by dip-coating on ground substrate. 
 
Among the three tested polymers, PEI showed the best protective properties. PVDF showed 
similar performance than PEI in corrosion tests, but much lower adhesion to the substrates. 
The performance of PAN coatings was considerably lower compared to the other two 
polymers, however, this is the polymer with higher potential for biomedical applications. 
PAN coatings behaved better when exposed to 3.5 wt.-% NaCl compared to exposure to SBF. 
Improvements are required in order to optimize the performance of PAN coatings in 
biological environments. Nevertheless, considerable improvement in the alloy resistance was 
produced by the PAN coating in such environments compared to the uncoated substrate.
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Zusammenfassung 
 
In der vorliegenden Arbeit wurde die Eignung der drei kommerziell erhältlichen Polymere 
Polyetherimid (PEI), Polyvinylidenfluorid (PVDF) und Polyacrylnitril (PAN) für die 
Herstellung korrosionsschützender Beschichtungen auf Blechen aus der Magnesiumlegierung 
AZ 31 untersucht. Die Beschichtungen wurden durch Spin- bzw. Dip-Coating erzeugt; die zu 
beschichtenden Bleche waren entweder unbehandelt, zuvor geschliffen oder mit 
verschiedenen Säuren (Flusssäure, Essigsäure, Salpetersäure) vorbehandelt worden. Das 
Korrosionsverhalten der so hergestellten Beschichtungen wurde in 3.5-prozentiger 
Natriumchloridlösung mittels Impedanzspektroskopie (EIS) und Immersionsversuchen 
ermittelt, wobei die letztgenannten Untersuchungen im Fall des Polyacrylnitrils zusätzlich 
auch in "Simulated body fluid" (SBF) erfolgten. Analysen mittels Infrarotspektroskopie (FT-
IR), Thermogravimetrie (TGA), Differentialkalorimetrie (DSC) und 
Rasterelektronenmikroskopie (REM) lieferten zusammen mit Simulationen der experimentell 
gemessenen Impedanzspektren anhand elektrischer Ersatzschaltbilder detaillierte 
Informationen zum jeweiligen Schichtverhalten. Die Grenzflächen zwischen dem Substrat 
und der aufgebrachten Beschichtung wurden außerdem durch Adhäsionsmessungen (Pull-Off-
Tests) und Photoelektronenspektroskopie (XPS) charakterisiert. 
 
Die Ergebnisse zeigen, dass im Fall der mit Flusssäure vorbehandelten Proben die im Dip-
Coating-Verfahren hergestellten Beschichtungen wesentlich bessere Korrosionsschutz-
eigenschaften aufwiesen als die mittels Spin-Coating erzeugten. Dies wird auf die starke 
Säure-Base-Wechselwirkung zwischen dem Polymer und dem Substrat zurückgeführt, bei der 
das Substrat als Base wirkt. Die Grenzflächenreaktionen zwischen den Korrosionsprodukten 
und dem Polymer lieferten Reaktionsprodukte mit höherer Polarität, wodurch sich auch die 
Intensität der Reaktionen in der Grenzfläche und damit die Adhäsion erhöhte. Die Rauhigkeit 
der Substratoberfläche hatte insbesondere bei dünnen Beschichtungen einen nicht zu 
vernachlässigenden Einfluss. Eine Vorbehandlung mit Essigsäure führte daher aufgrund der 
sich ergebenden extrem grossen Oberflächenrauhigkeit zu einem relativ schlechten 
Adhäsionsverhalten. Andererseits lieferte die Vorbehandlung mit Salpetersäure wegen eines 
schwächeren Oberflächenangriffs Beschichtungen mit besseren 
Korrosionsschutzeigenschaften. Diese Vorbehandlung scheint auch für kommerzielle 
Anwendungen am besten geeignet, da sie, anders als die Vorbehandlung mit Flusssäure, eine 
relativ geringe Oberflächenrauhigkeit bei gleichzeitig geringem Gehalt an Verunreinigungen 
auf der Oberfläche ergab. Aufgrund der geringen Dicke der mittels Spin-Coating erzeugten 
Beschichtungen war deren Korrosions-schutzwirkung lediglich mit derjenigen von mittels 
Dip-Coating auf geschliffenen Substraten erzeugten Beschichtungen vergleichbar. 
 
Von den drei getesteten Polymeren bot Polyetherimid (PEI) die besten 
Korrosionsschutzeigenschaften. Polyvinylidenfluorid (PVDF) zeigte zwar in den 
Korrosionsuntersuchungen vergleichbare Eigenschaften wie PEI, es wurde jedoch eine 
geringere Adhäsion zum Substrat gemessen. Die Korrosionsschutzeigenschaften von 
Beschichtungen aus Polyacrylnitril (PAN) waren schlechter als diejenigen der beiden anderen 
Polymere, wobei sich die PAN-Beschichtungen in 3.5-prozentiger Natriumchloridlösung als 
widerstandsfähiger erwiesen als bei der Prüfung in SBF. Zugleich besitzt das Polyacrylnitril 
ein vergleichsweise hohes Potenzial im Hinblick auf mögliche Anwendungen für 
Beschichtungen in der biomedizinischen Technik, obwohl hier noch ein erheblicher 
Optimierungsbedarf besteht. 
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1 – Introduction 

Magnesium is the eight most abundant element on our planet. It can be found in the 

Earth’s crust (constituting 2% of it) and in seawater (where it is the third most abundant 

dissolved element) as a component of different minerals [1.1, 1.2]. This alkaline metal was 

discovered in 1808 by Sir Humphrey Davy by the electrolytic splitting of magnesium oxide 

but it was first industrially produced only 78 years later [1.2]. From this first industrial 

production until the second world war the amount of magnesium annual production increased 

from nearly 10 to 235 000 tons. Its current value is around 500 000 tons and its main 

application is as an alloying element for aluminium (41%), followed by its use as a structural 

material (32%), in desulphurization of iron and steels, among others uses (14%)[1.3, 1.4]. Since 

the beginning of its production, magnesium has drawn the attention of industry to its low 

density combined with similar mechanical properties to that of metals like aluminium and 

steel, which enhanced the production of lighter metallic components with similar mechanical 

strength. On the biomedical field, magnesium appeared as a promising biodegradable implant, 

due to its interesting corrosion properties. 

Table 1.1 shows a comparison between physico-chemical and mechanical properties of 

these materials and other commonly used metals [1.5]. It can be observed that, while unalloyed 

magnesium has lower mechanical properties compared to aluminium and iron, the magnesium 

alloys AZ91D and AZ31 have very competitive yield and ultimate tensile strengths, but with 

much lower density. They render similar performances with much less weight of material. 

The notation of magnesium alloys adopted in this study is the most accepted one, created by 

the American Society for Testing and Materials (ASTM), which is made by taking a letter 

representing each one of the main alloying elements (in order of concentration) and their 

respective concentration in wt.%. In this way, the alloy AZ31 has the alloying elements 

aluminium and zinc in a nominal concentration of 3 and 1 wt. % respectively, while the alloy 

AZ91 has the same alloying elements but in the respective concentrations of 9 and 1 wt. %. 

The letter “D” in case of AZ91D represents the stage of development of the alloy, which in 

the case of AZ91D it corresponds to the following general composition (wt.%): Al 8.3 – 9.7; 

Zn 0.35 – 1.0; Si (max) 0.10; Mn (max) 0.15; Cu (max) 0.30) Fe (max) 0.005; Ni (max) 

0.002; others (max) 0.02. Table 1.2 shows the most common alloying elements for 

magnesium, their respective notation letter and their influence in general properties. 
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Table 1.1: Comparison between physico-chemical and mechanical properties of magnesium and its alloys with 

other usually applied metallic materials [1.2, 1.5]. 

Yield tensile strength 
(YTS) 

Ultimate Tensile strength 
(UTS) 

 
Material 

 
Density 
(g cm-3)

 
Melting 

Point (oC) Rp (MPa) YTS/density Rm (MPa) UTS/density 

Magnesium 1.7 649 21 12 90 53 
Aluminium 2.7 660 98 36 118 44 

Iron 7.9 1535 130 16 262 33 
AZ91D-T6* 

(die cast) 
1.8 Min. 421 160 89 230 128 

AZ31 1.8 605- 630 155 86 240 133 
Al6082-T6 2.7 555 255 94 300 111 
* T6 represents a specific heat treatment of the alloy [1.2]. 
  

Due to its low mechanical properties, unalloyed magnesium is rarely applied as a 

structural material, while the family of AZ alloys represents the majority of the used 

magnesium products. The AZ magnesium alloys present a good combination of properties, 

especially when prepared by the high pressure die casting (HPDC) method, as good tensile 

strength, castability and corrosion resistance. When the aluminium content is higher than 6% 

(in weight) an intermetallic phase is formed (Mg17Al12), which is called of β phase and has 

better corrosion stability compared to the matrix (α phase). Further, the eutectic composition 

of the Mg-Al solution has a melting point of 437 oC that considerably improves the alloy 

castability. The addition of zinc is usually made in a maximal content of 1% to avoid cracking 

problems during solidification [1.2]. This zinc addition further improves the castability and the 

corrosion behaviour of the alloys. On the other hand, the AZ alloys show low ductility at 

room temperature, a common problem in magnesium alloys due to its hexagonal close packed 

(hcp) structure, which hinders a widespread application of magnesium sheets. Further, this 

alloy is not suitable for biomedical implants due to evidences of neurological problems related 

to aluminium [1.6-1.8]. The majority of the magnesium components applied in the automotive 

industry is prepared by the HPDC method [1.2, 1.9, 1.10]. This method produces components with 

fine grain structure and excellent surface quality with low impurity levels. The negative 

aspects of this method are the porosity of the prepared components and the high costs [1.2]. 
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Table 1.2: Most commonly used alloying elements, their notation and description of some positive and negative 

influences [1.2,  1.9]. 

Element Notation Positive influences Negative Influence 
Aluminium A mechanical properties, hardness,  

corrosion resistance, castability 
Porosity, stress corrosion 
cracking susceptibility 

Zinc Z Tensile strength, corrosion 
resistance 

- 

Copper C Ultimate strain Tensile and compressive 
strength, corrosion 
resistance 

Yttrium W Tensile strength, corrosion 
resistance, castability. 

Liability of cracks 

Strontium J Mechanical properties, grain 
refinement 

- 

Zirconium K Tensile strength, ductility, grain 
refinement 

Ultimate strain 

Manganese M Tensile strength, ductility, 
corrosion resistance 

- 

Calcium X Creep resistance, grain 
refinement, castability 

Liability of cracks  

Rare earths E Reduces porosity, high 
temperature strength and creep 
resistance. 

- 

Silicon S Compressive strength, hardness Ultimate strain, castability 
 

 The application of magnesium sheets is restricted to few components (inner roof 

frame, inner door frame) due to its low formability at room temperature and to the low surface 

quality of the currently produced sheets [1.11, 1.12]. The alloy that is most commonly used for 

sheet production is AZ31 which shows a good combination of strength and ductility [1.2]. 

Other wrought components are very seldom applied, as forged road wheels, and requires 

sophisticated surface treatments and coatings to withstand use conditions [1.13]. The 

application of these wrought components is limited due to their usual low corrosion 

resistance. Table 1.3 shows some automobile components currently prepared by magnesium 

alloys. 
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Table 1.3: Examples of current application of magnesium alloys in automobiles [1.10- 1.15]. 

Body Structure Interior Power train 

Wheels Seat frames Engine blocks 

Engine cradle Instrument Panel Gear box housing 

Fuel Tank barrier Steering wheels Automatic transmission 

Inner roof frame Brackets Oil Pan 

Inner door frames Air bag housing Cylinder Head Cover 

Mirror housing   

Headlight Retainer   

Radiator Support   

 

1.1 – Corrosion of magnesium alloys 

Magnesium alloys are very promising materials for the transportation sector due to the 

actual urge in the modern society for new cleaner vehicles which can provide the same 

comfort and performance of the traditional ones but in a much “greener” and economic 

manner. The production of lighter vehicles is a very promising way to achieve this goal (a 

possible decrease in 30% on the CO2 emission is reported for weight saving [1.9]), and this can 

be accomplished by the replacement of heavier aluminium and steel components by lighter 

magnesium ones (this estimation is related to a long-term usage of a vehicle. In a short-term, 

an increase in CO2 emission, related to the production of magnesium components, should be 

considered). Different studies in the literature show that a total weight reduction ranging from 

124 to 227 kg can be achieved by the replacement of some aluminium and steel components 

by their magnesium counterparts, representing an average weight reduction of 10 – 20% [1.10, 

1.16]. However, only 5 to 50 kg of magnesium is currently applied in automobiles, and a 

reduction of 20% in the actual weight would need a magnesium amount of 158 kg [1.10]. One 

of the main reasons for this low magnesium usage is its low corrosion resistance. Magnesium 

is the construction material with the highest tendency to oxidize [1.2, 1.17, 1.18]. It has a standard 

reduction potential, which is measured against a standard hydrogen electrode (SHE), of – 2.37 

VSHE whereas aluminium and iron have standard reduction potentials of -1.66 VSHE  and -

0.44VSHE, respectively. This represents a serious barrier to the widespread application of 

magnesium as a structural material. 

On the other hand, while the corrosion properties of magnesium represent a great 

problem to the transportation sector, they are very attractive for the preparation of 
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biodegradable medical implants such as bone fixations and stents. The application of these 

magnesium implants avoids a removal surgery, since that the implant would be gradually 

degraded and absorbed by the body. The corrosion products of magnesium, shown in 

equations 1.1 to 1.3, are harmless to the human body, and for that reason, a few years after its 

commercial production, tests with magnesium made screws, sheets and wires were performed 

in chirurgical procedures [1.19]. However, a too rapid degradation of some implants was 

observed, with potential risk of inflammation due to excessive hydrogen production and of 

loss of mechanical integrity of the implant before healing [1.19- 1.21]. The required stability and 

controlled degradation properties in biological environments for orthopaedic implants are not 

achieved by any of the currently known magnesium alloys. 

While the corrosion of metals like iron and aluminium is mainly influence by oxygen, 

in case of magnesium and its alloys the critical influence is water and chlorine [1.17]. Very little 

or no influence of oxygen in the corrosion rate of magnesium is reported. The anodic and 

cathodic partial reactions of magnesium corrosion are shown in equations 1.1 and 1.2 with the 

respective potential values (in equation 1.1 the potential is positive since that the oxidation 

reaction is considered). It can be observed that the net potential of magnesium in water 

(usually called of corrosion potential (Ecor) and/or open circuit potential (OCP)) is -1.54VSHE. 

In chloride solutions and in the presence of some impurities, the free potential of magnesium 

AZ alloys is around - 1.67 VSHE while for unalloyed magnesium it is approximately - 1.73 

VSHE, the highest value for construction metals in such environments (Figure 1.1). 

 

Mg(s)         Mg2+
(aq) + 2ē          ΔE = + 2.37V equation 1.1 

2H2O + 2ē             H2(g) + 2OH-
(aq)

            ΔE = - 0.83V  equation 1.2 

Mg(s) + 2H2O   Mg(OH)2(s) + H2(g)         ΔE = - 1.54V          equation 1.3 
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Figure 1.1: Free corrosion potentials of some construction metals in neutral sodium chloride solution [1.2, 1.12, 1.17]. 

 

When exposed to atmosphere, clean magnesium samples rapidly become covered by a 

magnesium oxide/hydroxide film which is generally referred to as “magnesium native film” 
[1.17]. This native film is partially protective, and for that reason, the atmospheric corrosion of 

magnesium alloys is good, and can be even better than that of some aluminium alloys [1.2, 1.17]. 

This native film can be mainly constituted of magnesium oxide or hydroxide depending on 

the atmospheric humidity. It has very low solubility in water but it is unstable in the presence 

of anions as Cl- and SO2
-, and therefore, cannot provide any protection in such environments. 

Thus, the corrosion resistance of magnesium in seawater is very low. Only in very basic 

solutions (pH > 11) magnesium can be stable (in water) since the high concentration of 

hydroxide renders better stability to the native film [1.2, 1.17]. 

The corrosion resistance of magnesium alloys strongly depends on the alloying 

elements, alloy processing and on the impurities level. It was previously commented that the 

addition of aluminium has beneficial effects in the corrosion behaviour of magnesium due to 

the formation of a nobler β-phase, which in case it is continuously distributed along the grain 

boundaries, increases the barrier property of the alloy [1.2]. Nevertheless, some studies in the 

literature report a negative effect of aluminium addition in the corrosion performance of 

magnesium [1.22-1.25]. Depending on the volume of the nobler phase, instead of providing a 

barrier effect it can act as a cathode which accelerates the degradation of the surrounding 

matrix by a micro-galvanic process [1.26]. This leads to a localized corrosion in chloride 

environments, which creates pits around the cathodic phase and can lead to the removal of 
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such nobler particles and formation of craters. The scheme shown in figure 1.2 describes this 

process which is usually known as pitting corrosion. Therefore, the type, size and distribution 

of secondary phases should be optimized for each alloy system to avoid the formation of 

micro-galvanic couples. The lower the potential difference between secondary and main 

phases the lower the micro-galvanic effect [1.17]. 

Moreover, pitting corrosion can also occur by the influence of impurities [1.2, 1.17]. The 

cathodic particle shown in figure 1.2 can be either a secondary phase or a metallic particle. 

Iron, nickel and copper are the most deleterious impurities for magnesium alloys, since that 

they have low solubility in magnesium and form active cathodic sites [1.17]. As an example, 

figure 1.3 shows the drastic influence of impurities concentrations in the corrosion rate of 

magnesium AZ91 alloy. For each alloy there is a tolerance limit content for each impurity, 

and these values for pure magnesium and some of its alloys are shown in table 1.4 [1.27]. 

Above this limit, the corrosion rate increases rapidly. 

 

 
Figure 1.2: Schematic figure showing the process of pitting corrosion. 

 

It can be observed in table 1.4 that the tolerable amount of iron depends on the 

manganese content for some alloys. It is reported that small amounts of manganese (e.g. 0.2 

wt.-%  ) can considerably improve the corrosion resistance even at iron levels above the 

tolerance limit [1.2, 1.17]. It is discussed that this positive effect of manganese is related to the 

formation of intermetallic particles as AlMnFe which has considerably lower cathodic activity 

than iron. The Fe/Mn ratio is usually referred to as a very important parameter for the 

Anodic matrix:  
• Magnesium oxidation (formation of Mg(OH)2) 
• Dissolution of Mg(OH)2 by the influence of Cl- 

Cathodic particle:  
• Occurrence of water reduction.

Formation of pits 

 
Loss of mechanical integrity 
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corrosion performance of magnesium alloys [1.17]. These examples show that the micro-

galvanic effect can be controlled by the proper selection of alloying elements and an optimal 

distribution of secondary phases. Further information on the tolerance limits for magnesium 

alloys, its determination and correlation with the microstructure can be found in the studies of 

Liu et al. and Blawert et al. [1.27, 1.28]. 

The corrosion rate of magnesium alloys can also be improved by heat and surface 

treatments [1.26, 1.29]. Heat treatments can change the microstructure of some alloys, especially 

of those containing aluminium. The proper heat treatment leads to aluminium diffusion from 

the matrix towards grain boundaries, precipitating as β-phase and improving the corrosion 

resistance of the alloy [1.26]. Moreover, surface treatments as laser re-melting can considerably 

improve the corrosion resistance of magnesium alloys by refining the grains and changing 

secondary phase distribution [1.30-1.32]. 

 
Figure 1.3: Effects of impurities concentrations on the corrosion rate of magnesium alloy AZ91 [1.2]. 

 

Table 1.4: Tolerance limits of iron, nickel and copper for magnesium and its alloys [1.27]. 

Specimen Fe (ppm) Ni (ppm) Cu (ppm) 

Pure Mg 170 5 1000 

AZ91 (HPDC) 0.032Mn 50 400 

AM60 0.021Mn 30 10 

AE42  0.020Mn 40 400 

 

In case of magnesium sheets, special attention must be given to the surface quality. 

The high pressure applied during the rolling process produces deformations at the surface and 
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sub-surface regions of the alloy, which considerably decrease the corrosion resistance [1.17]. 

The rolling process also deposits metallic impurities on the sheet surface. For that reason the 

amount of iron on the surface of magnesium sheets is usually much higher than in the bulk. A 

very cheap and efficient way to reduce this surface impurity level is using acid pickling [1.33, 

1.34]. Magnesium dissolves rapidly in all acids (with exception of hydrofluoric and chromic 

acid, which create protective layers) making acid cleaning a fast and effective way to remove 

the contaminated layers [1.33, 1.34]. 

Nevertheless, while acid pickling, heat treatment and microstructure improvement can 

overcome the micro-galvanic effect, these methods are unable to heal the defects created by 

the rolling process. Such defects compromise the corrosion resistance of magnesium sheets 

even at low levels of impurity. Another problem that cannot be solved by these approaches is 

the macro-galvanic process, which takes place when magnesium gets in contact with steel and 

aluminium. The macro-galvanic corrosion represents a serious problem for the fastening of 

magnesium components, as usually used screws are made of iron or aluminium and cause 

severe corrosion on the magnesium component around the screw [1.13, 1.35]. The only way to 

enhance the corrosion resistance of magnesium sheets and inhibit the macro-galvanic 

corrosion is the application of coatings. 

 

1.2 – Coating for magnesium alloys 

 To enhance the corrosion resistance of magnesium sheets and to avoid galvanic 

corrosion, magnesium components must be coated in a way that inhibit electric contact 

between the substrate and the sample surface. This can be performed in many different ways, 

as described by Gray and Luan in their review on magnesium coatings [1.36]. In this section, 

the most studied and industrially applied coating methods for magnesium will be discussed, 

and for a comprehensive review of all possible methods the readers are referred to the 

publication of Gray and Luan. Before describing the different coating methods it is important 

to comment that each process must be preceded by a cleaning pre-treatment to remove 

organic, inorganic and/or metallic impurities that can considerably influence the 

protectiveness of the coating [1.37]. All coating processes described here can be preceded by 

cleaning methods as grinding, degreasing and acid pickling. 

  

1.2.1 – Conversion coatings 

“Conversion coating” is a term that refers to coating processes where the metal is 

immersed in a solution which contains certain compounds that react by forming a film. The 
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most common conversion coating processes for magnesium alloys are based on phosphate 
[1.38-1.40], chromate [1.41], fluorate [1.42-1.48] and stannate [1.49, 1.50] baths, and more recently, on 

cerium-(IV) baths [1.51, 1.52]. The coatings formed by this process improve the corrosion 

resistance and can offer wear protection in some degree. Nevertheless, these conversion 

coatings are more precisely described as pre-treatments since the performance of magnesium 

alloys coated only by these methods is usually insufficient for a series of applications. This is 

mostly related to the morphology of the prepared layer, which is usually cracked and porous. 

Moreover, these coatings provide good adhesion for paints. 

 Among these conversion coating processes, one that has received considerable 

attention in the last years is the hydrofluoric acid (HF) treatment. Several researchers reported 

the use of HF for the treatment of magnesium alloys at different treatment times and acid 

concentrations [1.42-1.48]. The formed layer is generally described as constituted by MgF2 and 

its thickness is usually approx. 2 µm.  Considerable attention was given to biomedical 

orthopaedic implants made of MgF2 coated magnesium alloy, due to claims that fluoride has a 

positive influence on bone healing [1.42, 1.43, 1.48]. Even for some industrial applications, where 

the HF faces serious problems due to its high toxic character, HF has been applied as a pre-

treatment for plating and as part of different processes [1.36]. Nevertheless, there is a lack in  

literature of studies investigating the optimum acid concentration and treatment time, and the 

reported investigations are usually based on arbitrary choices. Besides that, there is a lack of 

studies chemically describing the interface of the MgF2 layer with polymer coatings. 

Conversion coatings based on chromate-(VI) are very common for the corrosion 

protection of magnesium and aluminium alloys. The treatment usually takes only a few 

minutes and creates a protective layer of approx. 8 µm which provides good protective 

properties and enhances the adhesion of subsequent coatings [1.41]. Nevertheless, the usage of 

chromate will be banned soon due to toxicity, and for that reason, different alternatives are 

been investigated. Table 1.5 shows the main characteristic of the above mentioned conversion 

coating methods. 
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Table 1.5: Characteristics of the most used conversion coating processes. 

Method Average 

thickness (µm) 

Morphology and 

structure 

Comments 

Phosphate 10 Considerable amount of 
cracks 

Usually provides low 
corrosion protection but 
good base for paints 

Chromates 10 Porous layer over a 
non-porous one 

Very good corrosion 
protection at room 
temperatures. 

Fluorates 1.5 Low density of pores Good corrosion 
protection. Potential 
usage in biomedicine 

Stannates 3 Globular precipitates   Intermediate corrosion 
protection 

Cerium IV 1.5 Cracks and pores - 

 

1.2.2 –Plasma electrolytic oxidation process (PEO) 

 The plasma electrolytic oxidation process (PEO) is the most industrially used method 

for coating magnesium alloys. Many studies in the literature are dedicated to understand the 

properties of these coatings on magnesium substrates [1.53-1.58]. This method consists in 

applying high voltages (usually from 100 to 500V) on a metal piece in an electrolytic bath 

containing chemicals such as phosphates, silicates, hydroxides, fluorides etc. in variable 

concentrations. This process forms thick and hard ceramic coatings, which provide good 

corrosion, abrasion and wear protection. The formed coating is usually described as 

constituted of different layers with distinct levels of porosity, where the upper layer is the 

more porous one (figure 1.4). It can have different colours, depending on the constituents, and 

the thicknesses usually are between 10 and 100 µm.  

Three of the most applied and well known PEO processes are patented with the names 

of KERONITE®, MAGOXID® and TAGNITE®. Different magnesium components currently 

commercialized are treated by these methods [1.59-1.61]. Nevertheless, due to the upper porous 

layer, the corrosion protection provided by these processes is not good enough to be used as a 

single process, and a subsequent sealing procedure is usually required to achieve the 

necessary performance. Moreover, this method is considerably expensive due to the high 

required voltages that must be applied during a time of at least about 10 minutes. Besides that, 

the electrolyte bath should be cooled down by means of a thermostat to avoid excessive 

temperature increase, what represents additional electrical costs. On the other hand, this 

method has the advantage of been able to provide protective coatings without any kind of 

toxic waste (depending on the selected method),  is suitable to coat complex shaped substrates 

and different metals like aluminium and magnesium in only one pass. 
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Figure 1.4: Schematic description of a ceramic coating prepared by the PEO process. In this example it is shown 

the layers of a MAGOXID® coating. (figure from reference 1.59) 
 
1.2.3 – Polymer coatings 

 Polymers are the matrix component of paints used for all purposes, as in decorative 

and protective applications [1.62].The general process of coating a specimen with a polymer is 

to prepare a solution or an emulsion, apply it to the substrate and let it dry or cure, in case of 

thermosetting resins. In general the industrial methods of coating metals with polymers are 

cheaper and easier than those described for conversion and PEO coating (e.g. spraying and 

dipping) [1.63, 1.64]. In the field of corrosion protection, polymer coatings are usually applied as 

a sealing process in products previously coated by PEO or conversion coating methods, 

covering the pores and cracks of these layers. Commercially applied polymer coatings for 

corrosion protection are usually very thick (from 50 to 100 µm) and constituted of different 

layers which are classified as: primer, intermediate and top coating. Figure 1.5 shows 

schematically the general constituents of polymeric coatings as well as their classification 

according to their nature, corrosion protection mechanism and the description of the function 

of each one of the different layers [1.65-1.67]. 

 By far and away polymer coatings are the less investigated approach for corrosion 

protection of magnesium alloys. This can be seen in figure 1.6 which shows the number of  

Substrate 

Non-porous barrier 
layer 

Low porosity layer 

High porosity layer 
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Figure 1.5: Scheme of the constituents and classification of corrosion protection polymer coatings. In the “nature” subsection, the signals “+” and “-”represents advantages and 

disadvantages respectively [1.65, 1.67]. 
 

Polymer Coating 

Nature Layers Mechanism of protection

Water borne Solvent borne Powder coating Primer Topcoating Intermediate Barrier Inhibitive Galvanic

+ Excellent 
dissolution of the 
polymer. 
+ Usually have 
better protective 
properties than 
the other 
methods. 
- Not 
environmentally 
friendly. 
- Residual 
solvent

+ Clean 
technology with 
no toxic emission 
- Very high costs 
- Lower 
protective 
properties.  

+ More 
environmentally 
friendly. 
- Water can 
corrode the 
metal. 
- Requires 
addition of 
compatibilizers 
(surfactants)  

• Enhances the 
adhesion of 
the other 
layers to the 
substrate. 

• Responsible 
for the 
corrosion 
protection. 

• Usually 
contains 
inhibitors 

• Determines 
for the final 
coating 
thickness. 

• Responsible 
for inhibiting 
the corrosive 
specimens to 
reach the 
substrate. 

Responsible for 
the desired 
surface 
properties (gloss, 
hydrophobicity, 
surface 
roughness, etc) 

• Contains a 
less noble 
metal in 
contact with 
the substrate 
(primer layer).  

• Provides 
sacrificial 
protection by 
oxidizing this 
less noble 
metal

• Can be used in 
any layer. 

• Low or non 
pigmentation. 

• Provides a 
physical 
barrier for the 
diffusion of 
corrosive 
specimens. 

• Contains 
inhibitive 
pigments 
which reacts 
with the metal 
forming a 
passivation 
layer. 

• Are essentially 
primers.   

Binder Pigments Additives and/or solvents 

Coating matrix (e.g. polyurethanes, 
polyacrylates, alkyd resins etc) 

Responsible for color and corrosion 
protection (e.g. CrO4

-2, PO4
-3, Mo4

-2) 
Additives: increase mechanical properties (e.g. barium 
sulfate, mica); Solvents: mixes and improve interaction 
between components. 
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publications from an inquiry in “ISI-Web of science” using the name of the respective coating 

process plus “corrosion, magnesium”. One possible explanation for this low interest in 

polymer coatings is that they do not provide good wear and abrasion protection compared to 

PEO and conversion processes. Besides that, the usual low adhesion of polymers to metals in 

direct contact may be a factor that drives the attention of researches to other methods. 
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Figure 1.6:  Number of publications which resulted from searching in the website “ISIS Web of Science” using 

the name of the respective coating method plus “corrosion, magnesium”. 

  

Nevertheless, polymers has many attractive properties as corrosion protective coatings 

for magnesium alloys. First of all, polymers can create dense non-porous films with variable 

thicknesses and high hydrophobicity resulting in highly protective barrier coatings against 

water and water vapour. Moreover, polymers can be applied on different layers allowing the 

preparation of multilayered systems. Besides that, with polymer coatings it is possible to 

control the coating colour by the addition of pigments, a very important aspect for the 

aesthetical appearance of the coated article, especially for commercial components. Another 

advantage of polymer coatings is the easiness of the coating methods, since that a simple 

dipping-drying process can provide thick and protective coatings with minimal consumption 

of energy. 
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 Another very interesting property of polymer coatings is their high electric resistance. 

Non-conductive polymers are insulator materials and can have capacitances as low as in the 

range of 10-11 nF cm-2 [1.65]. This provides that the substrate will be electrically insulated from 

the environment and results in very high impedances as reported by Scharnagl et al.[1.68]. 

Compared to PEO and conversion coating methods, dense polymer coatings provide higher 

impedances and longer stability in electrochemical tests. However, as previously commented 

the adhesion of polymer coatings is usually low and leads to coating delamination when water 

or water vapour reaches the interface. Hence, it is a pre-requisite for a high-performance 

polymer coating on magnesium alloys that the interface is free from metallic impurities and 

stable enough to render good adhesion. This can be achieved by the combination of a 

conversion coating process followed by a polymer coating. 

 

1.2.3.1 – Coating methods 

 The most simple and often used way to apply polymer coatings to an article is via 

solution of a specific polymer. This has the negative aspect of generating toxic organic waste 

but is the method which results in appropriate coating properties. The polymeric solution can 

be sprayed, brushed, dropped or poured on the substrate and subsequently dried to form the 

film [1.63, 1.64]. An article can also be dipped into the coating solution for the coating process. 

Some commonly used methods for polymer coating are shown in table 1.5. 

 Among these methods, the dip-coating is the most suitable for laboratory studies due 

to practical reasons. Another method that is adequate for laboratory research is the spin-

coating technique, since that spin coaters are available in a variety of sizes. Both methods are 

suitable for sheet coating and have specific advantages and disadvantages (see table 1.6). The 

spin-coating method consists in fixating the sample on a chuckle (the sample should be a flat 

sheet) and spinning it at specific velocities while the polymer solution is dropped on it (figure 

1.7). The high spinning speed spreads the solution over the whole sheet surface resulting in 

thin coatings with good thickness uniformity [1.69-1.75]. The negative characteristic of this 

process is its limitation to flat substrates and its high sensibility to substrate surface 

roughness, which induces defects in the coating. Another limitation of the spin-coating 

method is regarded to the solution viscosity, which should not be too high in order to avoid an 

uneven spread of coating over the substrate surface. Usually this method results in thickness 

from below 1 to 5 µm. 
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Table 1.6: Description of the advantages and disadvantages of some coating methods commonly used in 

industries [1.63, 1. 64]. 

Coating method Advantages Disadvantages 

Dip-coating Simplicity, suitable for substrates 

with different shapes 

Thickness variation during drying 

Spray coatings Simplicity, suitable for any kind of 

substrate 

Poor film control, requires solution with 

very specific properties 

Curtain coating Speed and control Break of curtain is possible, too much 

waste of solution 

Spin-coating Excellent film thickness control, 

very low waste of solution 

Limited to flat substrates, too sensible to 

substrate surface roughness 

 

 The dip-coating method consists in simply dipping an article in the solution, keeping it 

there for a specific time to allow the wetting of the surface, withdrawing it and letting it dry. 

The main advantages of the dip-coating method are that it can coat relatively complex shapes, 

and both sides of sheets simultaneously. Besides that, it can prepare coatings with a variety of 

thicknesses by varying the solution viscosity (by one single dipping coating process it is 

possible to prepare coatings with a thickness in the range of 1-100 µm)[1.76-1.78] and is not so 

sensitive to substrate surface roughness as the spin-coating method. The negative aspect of 

this method is the non-uniformity of coating thickness along the vertical axis, which takes 

place during the drying of the sample, as shown in Figure 1.7 [1.64, 1.77]. 
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Figure 1.7: Schematic representation of the spin-coating and of the dip-coating methods. 
 
 
1.2.3.2 – Challenges  

 Nowadays, there are different challenges that must be overcome for the preparation of 

highly protective polymer coatings for magnesium alloys. In general, all kinds of polymer 

coatings (water borne, solvent borne and powder coating) with all kinds of protective 

mechanism (galvanic, barrier and inhibition) suffers from insufficient adhesion. This requires 

pre-treatments which produce surfaces capable of synergistically interaction with the polymer, 

providing higher adhesion and interfacial stability. However, the interface of polymer 

coatings on magnesium is poorly described in the literature and there is a considerable lack of 

knowledge about beneficial interfacial interactions. The study of the interface of magnesium 

alloys with polymers is of great importance in this context. 

 Moreover, for economic reasons it is important to develop thin and protective 

coatings. Magnesium components currently applied in industries have very thick coatings, 

based on many-step processes including conversion, PEO and polymer coatings, as in the 

method describe by Porsche for corrosion protection of magnesium wheels [1.13].The thicker 

the coating the higher the amount of material necessary to protect the metal. This increases 

sample solution 

High speed 

thickness increase 

Dip-coating 

Spin-coating 

Dipping Withdrawing 
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not only the price but also the sample weight, reducing the weight saving provided by the 

light material.  

 In the field of biomedicine, the challenge is to prepare coatings which provide good 

corrosion protection in the sense of controlled degradation and biocompatibility which could 

promote the commercialization of magnesium implants. These coatings should have a high 

corrosion protection during 2 to 3 months and provide a controlled degradation after that. In 

this field, polymer coatings are very promising since some polymers can be surface modified 

for the attachment of bioorganic molecules as proteins and lipids that considerably increases 

the biocompatibility of the coating.  

 Many studies in the literature have focused on the preparation of galvanic and 

inhibitive coatings, while barrier coatings have been less investigated [1.36, 1.79, 1.80]. The 

development of primers with galvanic protection represents a great challenge, since there are 

only a few materials with higher tendency to oxidize than magnesium, then being able to 

provide cathodic protection, as lithium and calcium. Some success was obtained by adding 

pure magnesium particles in a polymer matrix to act as a primer with galvanic protection for 

magnesium alloys, as pure magnesium is slightly more anodic than magnesium alloys [1.80]. 

Nevertheless, the addition of such particles in the matrix considerably decreases its barrier 

properties. The addition of inhibitive pigments faces similar problems. 

 There is a considerable need of research on effective barrier coatings for magnesium 

alloys with beneficial interfacial interaction to the substrate. This field is in focus because the 

primary protection mechanisms of all coatings are the barrier property and the interface 

stability. The interface stability is of particular importance because it is impossible to 

completely avoid the diffusion of water or water vapour through the coating. A stable 

interface could maintain high corrosion resistance even in the presence of water. It is a much 

more appropriate approach to previously understand the matrix properties and how it can be 

optimized and then investigate the influence of additives, rather than preparing galvanic and 

inhibitive coatings based on arbitrary choices of the matrix. The barrier properties and the 

interface stability should be the main focus of corrosion protective polymer coatings for 

magnesium alloys.  

 To act as a good barrier coating against water, polymers should have a basic property: 

hydrophobicity. However, polymers that have higher hydrophobicity are usually non-polar, 

and consequently, have low adhesion to metal substrates. Nevertheless, as previously 

commented, if an interfacial interaction is present, the adhesion of hydrophobic polymers can 

be improved. An interesting approach is to coat the metal with polymers that can react with 
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the corrosion product (Mg(OH)2) forming polymer derivatives with higher polarity at the 

interface. This way, the adhesion would increase inhibiting the corrosion process at the 

interface, while the top coating would maintain high hydrophobicity. Such interfacial 

reactions could occur in polymers with functional groups that easily react with bases such as 

nitrile, ester, imides etc. It is important that this reaction shall not break the polymer chains 

(decrease in molecular weight), to avoid degradation of the coating, but rather form stable 

polymer derivatives with higher polarity.  

 Some polymers that satisfy these criteria are poly(vynilidene fluoride) [PVDF] [1.81-

1.83], poly(ether imide) [PEI] [1.84-1.87] and polyacrylonitrile [PAN] [1.88-89], which are 

commercially available. All these three polymers are hydrophobic and are able to react with 

bases. The reaction products of these have higher polarity and the reaction does not weaken 

the polymer chain and stability under environmental conditions. Previous results in the 

literature show the potential application of PVDF [1.82] and PEI [1.68] as coatings for corrosion 

protection, while PAN is one of the most interesting polymers for biomedical application, due 

to its easiness in surface modification [1.89]. The study on the performance of these polymer 

coatings for magnesium alloys could render significant knowledge about important 

parameters to achieve good barrier properties and interfacial interaction in polymer coatings. 

Figure 1.8 shows the chemical structures of these three polymers.  
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Figure 1.8: Chemical structures of PVDF, PAN and PEI (ULTEM 1000®). 
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1.3 – Measurements and evaluation of corrosion 

 The corrosion stability of an uncoated metal is usually described by its corrosion rate, 

which is a measure of the material weight loss per time and area, and is usually represented as 

mg/cm2 day [1.17]. It is also very common to represent the corrosion rate considering the 

material density at the timescale of one year, resulting the unity mm y-1 [1.17]. The traditional 

non-electrochemical method to evaluate the corrosion rate is by weight loss measurements, 

where after exposure to corrosion the metal is cleaned with a solution containing chromic acid 

for removal of corrosion products and weighing for determination of weight loss. This method 

is applicable to any metallic sample. Other methods like monitoring of gas evolution and 

determination of ions in solutions are also very common but are only suitable for corrosion 

processes which produce gases and corrosion products soluble in the corrosive solution, 

respectively. In case of magnesium alloys, all three methods could be applied when the tests 

are performed in aqueous chloride solutions. 

 Electrochemical methods are also very common for the determination of corrosion 

rates. These are indirect methods where the corrosion current is determined and its correlation 

to corrosion rate is made considering a previously known corrosion mechanism and the 

Faraday law [1.90, 1.91]. The corrosion current cannot be directly measured because at OCP all 

electrons produced in the anodic process are consumed in the cathodic one, and therefore, no 

net current flows from the system. However, the corrosion current can be determined by 

polarization methods and the most commonly used one is the direct current (DC) polarization. 

This method consists in polarizing the natural corrosion potential of a sample by applying a 

cathodic potential and gradually increasing it towards anodic values [1.90, 1.91]. By extrapolating 

the tangent (Tafel slopes) of the cathodic and anodic curves to Ecorr the corrosion current is 

obtained by the interception of these two curves, as shown in figure 1.9. After the 

determination of the corrosion current, the corrosion rate can be determined [1.90, 1.91]. As at the 

corrosion potential the cathodic and anodic currents are the same, the determination of 

corrosion current can be made using only the cathodic slope. This is of significant importance 

as the anodic slope is usually non-uniform and difficult to be analysed.  
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Figure 1.9: Schematic description of the determination of the corrosion rate for Mg from an experimental 

polarization curve (black solid line) using the Tafel slops (red dashed line). 

 

 This polarization technique is widely applied for the determination of corrosion rates 

of different metals, since it is a simple and fast method. However, the application of this 

method for corrosion rate determination of magnesium alloys received considerable criticism 

in the last years due to differences in the results obtained by this and other methods [1.92, 1.93]. 

Shi et al.[1.92] discuses this subject and shows that Tafel extrapolation does not give reasonable 

results for magnesium alloys. This is related to the so called “negative difference effect” 

(NDE) that is regarded as an increase in the cathodic reaction rate even at anodic potentials, 

which is an unusual and not expected behaviour [1.92, 1.93].The physico-chemical causes of this 

phenomenon are still under debate [1.92-1.94]. Nevertheless, the polarization method is still an 

interesting tool for corrosion analyses of magnesium as it provides correct information on the 

corrosion potential and corrosion current density which gives insights into the corrosion 

behaviour of the sample. However, if one wants to discuss corrosion rate of magnesium 

specimen, methods as weight change and hydrogen evolution measurements should be 

applied too. 

   In case of coated magnesium the determination of the corrosion rate becomes difficult 

because the coating can interfere both in weight loss and in hydrogen evolution 

measurements. The common approach to study the corrosion performance of a coated 

magnesium alloy is to investigate the coating stability and the determination when it starts 

losing its protective properties. After this point, the corrosion rate would be the same as that 

of an uncoated metal. One of the most used techniques to investigate the stability of coatings 

Anodic process: 
Mg    Mg2+ + 2ē 

Ecorr 

Cathodic process: 
2H+ + 2ē   H2 

Icorr
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in corrosive environments is the electrochemical impedance spectroscopy (EIS) [1.94, 1.67]. The 

impedance (Z) has the same physical meaning as the resistance (R), with the difference that it 

varies with the frequency (ω) of the applied potential [1.96]. While in polarization methods a 

DC potential is applied at a constant rate, in impedance measurements a sinusoidal potential 

variation is applied at different frequencies, ranging from 105 to 10-2 Hz. This method allows 

the determination of the contribution of different elements to the overall sample resistance 

(impedance), as for example, charge transfer resistance, coating resistance, capacitor 

resistance, etc. The determination of each one of these electrical elements can be carried out 

by simulating the impedance spectra using different circuit models [1.67, 1.95, 1. 96]. 

 Figure 1.10a and b show two impedance curves for a polymer coating on a magnesium 

AZ31 alloy with different exposure times to a 3.5 wt.-% NaCl solution. The spectrum that 

correlates total impedance with the applied frequency is called Bode plot (figure 1.10a), while 

the one which correlates the real and imaginary parts of Z is called Nyquist plot (figure 

1.10b). A plateau in the Bode plot represents a resistance (Z = R when Z does not change with 

frequency) while the portion of the curve with slope of -1 represents the impedance of a 

capacitor (the impedance of a capacitor is mathematically defined as: log Z = -log(w) + k, 

where k is a constant of the material).  
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Figure 1.10: Examples of EIS spectra showing the Bode plot (a) and the Nyquist plot (b) of a sample with 

different exposure time to the corrosive solution. Rc and Rct represents the coating and charge transfer resistance, 

respectively while Cc and Cdl represents the coating and double layer capacitance, respectively. 

  

After several days of exposure to the corrosive solution, a new plateau (or near 

plateau) and a new -1 slope appear in the Bode Plot while in the Nyquist plot a semicircle 

appears (red lines in Figure 1.10). This is related to the concentration of water and ions at the 

polymer/metal interface which creates an electrochemical double layer. The process of water 

entering the coating and its concentration increase  at the interface, as well as the respective 

electronic circuits used for the simulation of each condition, is schematically shown in figure 

1.11. This new capacitance is usually called “double layer capacitance (Cdl)”.  
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Figure 1.11:  Scheme showing the electronic circuits used to simulate the impedance spectra of coated metallic 

samples: (a) just exposed to the corrosive solution; (b) after several days of exposure to the corrosive solution.  

 

By fitting the impedance spectra using these electronic circuit models it is possible to 

follow variations in capacitance and resistance with the exposure time and to get information 

about the stability of the coating. The observation of capacitance variations is particularly 

important because the capacitance is directly related to the dielectric constant of the coating, 

as shown in equation 1.4 [1.67, 1.95]. In this equation ε is the dielectric constant of the material, 

εo is the constant of the vacuum, while A and d are the area and thickness of the film, 

respectively. The dielectric constant of polymers is very sensitive to the presence of water 

since that water has a much higher dielectric constant (80 while polymers have dielectric 

constants usually in the range of 2-8) [1.95]. As water diffuses through a coating it produces a 

capacitance increase, which allows the estimation of water diffusion rates by observation of 

capacitance variations with time [1.97-1.100]. There are other electronic elements that are also 

used in the simulation of impedance spectra as inductors and Warburg element [1.96]. Some of 

these will be briefly described in the results chapter when necessary, as these are not too 

relevant for the study of polymer coatings. 

C = ε εo A/d                   equation 1.4 

 

 Another electronic circuit element that frequently appears in simulations of coatings 

for corrosion protection is called the constant phase element (CPE). This element is capable to 

describe a resistor, a capacitor, an inductor and elements, which slightly deviate from the pure 

performance of these. Its impedance is mathematically defined as shown in equation 1.5, 
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where j is the imaginary number, ω is the applied frequency and P and T are the CPE 

constants. Depending on the values of these constants the CPE can define different elements 

as follows: when P is equal to 1, the T constant is a pure capacitor; when P is equal to 0, the T 

constant acts as a resistor; when P is equal to -1, T is an inductor [1.96]. It is possible that the P 

constant have values different from 1, 0 and -1 and it is in these cases that the substitution of 

capacitors, resistors and inductors for a CPE becomes important. A much better simulation of 

real coating systems can be performed using CPEs since deviations in the order of 0.1 in the P 

constant are normal in corrosion tests. 

 

Z = (jω)-P/T                  equation 1.5 

 

 Another very simple method to investigate the corrosion performance of coated 

samples is the visual observation during exposure to a corrosive environment. For instance, a 

coated metal sheet could be immersed in a salt solution of specific concentration and 

composition during a specific time and the formation of corrosion product will be followed. 

This method does not provide any information about the mechanism of corrosion but it gives 

insight into the in-service performance of the sample. Besides that, this method allows the 

determination of edge effects. When the coating is transparent, it is possible to observe when 

the corrosion products start to form and to correlate this observation with impedance results. 

Together, impedance and immersion tests are very useful methods to evaluate the protective 

performance of coated magnesium alloys. 
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2 – Aim of the work 

The aim of the present study is to investigate the potential of polymer coatings for the 

corrosion protection of magnesium alloys sheets. The influence of parameters such as 

substrate pre-treatment, solvent type and coating method, on the coating performance will be 

investigated. The optimal coating conditions for each selected polymer and coating method 

will be determined. To achieve this aim, the strategy shown in figure 2.1 is adopted.   The 

substrate will be previously cleaned (acid cleaning and grinding), then coated with 

commercial polymers and finally evaluated in corrosion tests (electrochemical impedance 

spectroscopy (EIS) and immersion). Additionally, characterization methods like scanning 

electron microscopy (SEM), Fourier transform infrared spectroscopy (FT-IR), infrared 

microscopy and x-ray photoelectron spectroscopy (XPS) will support the investigation of the 

coatings properties. A special attention is given to the determination of the most appropriate 

conditions for the HF pre-treatment of the alloy. This pre-treatment will be described in 

details and the performance of the pre-treated samples will be compared to other pre-

treatments.  

The selected polymers are PEI, PVDF and PAN due to their interesting properties as 

described in the previous chapter. Especial emphasis will be given to PEI coatings since 

literature shows a high potential for coatings with this polymer. The conclusions obtained 

with PEI will be checked for the other polymers aiming to get general and specific 

conclusions about the coatings performance. At the end of these analyses, the samples with 

the best and worst performance will be determined as well as the parameters related to this 

results. The dip-coating and spin-coating methods were selected, both simple and cheap 

methods suitable for sheet coating. 

As substrate, AZ31 Mg alloy is selected which is the most commonly used magnesium 

alloy for sheet production. The low amount of aluminium renders better ductility for the sheet 

and increases the biocompatibility of the alloy. Nevertheless it is important to mention that 

tests made in simulated body fluid (SBF) were performed to give qualitative information 

about the improvement in corrosion resistance achieved by the used methodology. It is not an 

aim of the present thesis to use the AZ31 alloy as an implant material due to the mentioned 

problems associated to aluminium. 
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Figure 2.1: General scheme of the experimental strategy adopted in this study. 
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3 – Experimental Part 

3.1 – Materials 

 Magnesium alloy AZ31 sheets, with chemical composition shown in section 4.1.1 

were used as substrate. These sheets were cut in different sizes, ranging from 2 x 2 cm to 5 x 

5 cm. The polymers poly (ether imide) Ultem 1000® (Mw: 50.000 g/mol) [PEI] from General 

Electric, poly (vynilidene fluoride) (Mw: 70.000 g/mol) [PVDF] from Atomchem and 

polyacrylonitrile (Mw: 130.000 g/mol) [PAN] were used without further purification. The 

solvents N,N’- dimethylacetamide (DMAc), N-methylpyrrolidone (NMP) and 

dimethylformamide (DMF), all of synthesis grade were obtained from Merck and used as 

received. The acids used for the pre-treatment of the substrates (hydrofluoric acid (48% wt), 

acetic acid (99% wt) and nitric acid (65%) were obtained from Aldrich. A simulated body 

fluid (SBF) was prepared using the salts NaCl, KCl, CaCl2.2H2O, NaHCO3 from Merck  and 

MgSO4.7H2O and K2HPO4 fromChempur, all with a purity level of 99.5 %. The SBF 

composition will be shown in chapter 4.2.6. 

 

3.2 – Substrate pre-treatment 

3.2.1 - HF treatment 

 The as-received samples were immersed in 80 mL HF in the concentrations of 7, 14, 

20 and 28 mol L-1 for 1; 5; 15 and 24h, at room temperature. These concentrations and 

treatment times were selected for practical reasons. The solutions were prepared by dilution of 

the concentrated 28 mol L-1 acid. After the treatment time, the samples were washed with 

excess of deionised water, dried with non-fuzzing tissue paper to remove water from the 

surface, and then placed in a vacuum oven (10 mbar) at 40 °C for 1h. The sample weight was 

measured before and after immersion, using a Mettler Ac 100 analytic balance (± 0.1 mg), to 

evaluate the weight change. The thickness of the layer formed on the sample's surfaces was 

measured using a profilometer Hommel Tester T100 performing a scan from a treated to an 

untreated area of the sample. For this analysis, the samples were not completely immersed in 

the HF solution and the not immersed part served as reference for the layer thickness 

determination. Five measurements were performed for each condition. The solution that 

resulted in the best corrosion protection was also used for samples ground with papers of 800 

to 2000 grade to verify the influence of ground surfaces on the corrosion protection. 

 

3.2.2 – Acid treatments and mechanical grinding 
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 Acetic and nitric acid treatments were performed as described in the study of Nwaogu 

et al.[1.33, 1.34]. The as-received sample was rinsed with ethanol to remove organic impurities at 

the surface and then dipped in a solution of 5 mol L-1 of acetic acid or 1 mol  L-1 of nitric acid 

for 2 min. After that the samples were washed with excess of deionised water to remove the 

acids at the surface and dried in a vacuum oven. The mechanical grinding process consisted in 

grind the samples using papers from 500 to 2500 grit. The ground surface was finally rinsed 

using deionised water and the samples stored in clean conditions until required.  

 

3.3 – Coating preparation 

3.3.1 – Polymer solutions 

Solutions of the polymers were prepared by dissolving the polymer in the appropriate 

solvent at 80 oC and stirring over night. The concentrations for PEI and PVDF solutions were 

10, 15 and 20 wt.-% while for PAN it was 6 and 8 wt.-%. The viscosity of the solutions was 

determined using a Brookfield R/S-CPS Rheometer. Ten measurements were performed for 

each solution in the shear rate range of 50-500 s-1. All solutions showed Newtonian behaviour 

at the applied shear rate. 

 

3.3.2 – Spin-coating process 

 The spin-coating process was performed in a spin coater CeeTM 200 operated under 

room or N2 atmosphere. Samples of dimensions 2 x 2 cm or 5 x 5 cm (the last one used 

specifically for the adhesion tests) were spun at a specific velocity (1000 – 1600 rpm) during 

100 s when 3 mL of the polymer solution was applied to the substrate. Prior to the coating 

process all substrates were rinsed using ethanol. After the coating step, the spin velocity was 

set to 3000 rpm during 150 s for the drying process. In some specific case (as in the case of 

PEI coatings prepared using NMP solutions) a second drying process was performed at 3500 

rpm during 150 s. This second drying process was necessary to ensure the dryness of the 

coating, which was not complete after the first one due to the low vapour pressure of NMP at 

room temperature. The drying of all samples was finalized by storing these under clean 

conditions for another 20 h at room temperature. Besides that, some samples were also dried 

in a vacuum oven at 135 oC for 12 h to investigate the influence of residual solvent in the 

coating performance. 

 

3.3.3 – Dip-coating process 
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 For the dip-coating process, all substrates were pre-heated over a heating plate at 180 

°C during 10 minutes to eliminate entrapped air and moisture from the surface. After this pre-

heating process, the samples were immersed into the polymer solution during 20 seconds to 

allow wetting of the surface, and then withdrawn from it to dry. The drying process consisted 

in hanging the coated sheet in a vacuum oven (10 mbar) at 115 °C (for PEI and PAN) or 150 
oC (PVDF) during 12h. These different drying temperatures were selected based on their 

effects on the coating morphology as will be explained later on the chapter about PVDF 

coatings. As the samples hung in the vertical position, there was an outflow of solution from 

the substrate that could affect the thickness uniformity. However, previous tests showed that 

the thickness uniformity is better when the sample is dried in the vertical than in the 

horizontal position. The coating thickness uniformity was evaluated using the thickness 

measurement gauge from Minitest and profilometer measurements. 

 

3.4 – Coating characterization 

3.4.1 – Roughness measurements 

 The surface roughness (Ra) of all substrates (pre-treated and as-received samples) was 

measured using the profilometer Hommel Tester T100. For each sample, three to five 

measurements were performed in a scanning range of 4.8 mm. The results presented are an 

average of these.  

 

3.4.2 - OES analyses 

The concentration of impurities and alloying elements on the substrate surfaces was 

evaluated using optical emission spectroscopy (OES). The analyses were performed in a 

spectrometer Spectrolab M9, model 2003. The results shown in section 3.1.1 represent an 

average of three measurements each, performed at different points of the sample surfaces.  

 

3.4.3- FT-IR investigations 

To investigate the compounds formed on the substrate surface by the HF treatment, as 

well as by the corrosion process, and to characterize the conformation of the polymers and 

crystalline phases present in the coatings, Fourier transform infrared spectroscopy was used. 

The analyses were performed on a Bruker Tensor 27 IR-spectrometer. The surface of the 

samples was analyzed using a reflectance unit at an angle of 80 degrees with 2048 scans at a 

resolution of 4 cm-1 in the frequency range of 300 cm-1 and 5000 cm-1.  



 36

 Connected to the infrared spectrometer was an infrared microscope HYPERION 2000. 

This microscope was used to investigate specific points at the samples surfaces after the 

corrosion process. The used objective had a magnification power of 15x. These analyses were 

performed on the visual-reflectance mode using 120 scans at a resolution of 4 cm-1. An image 

of the used facility is shown in Figure 3.1. 

 

 

 
Figure 3.1 Image of the used infrared facility. 

 

3.4.4 - SEM investigations  

The morphology of the surfaces was studied using a scanning electron microscope 

(SEM) Cambridge Stereoscan 200 with an acceleration voltage ranging from 5 to 10 kV. All 

substrates, including the HF treated one, could be analyzed without gold sputtering due to 

sufficient surface conductivity. However, all the polymer coatings required prior sputter. The 

cross section of the prepared coatings was investigated by removing the coating from the 

substrate, breaking it in liquid nitrogen and fixating the coating on an appropriated support. 

These procedure was selected instead the grinding of the coated substrate edge to allow the 

visualization of channels in the coating that could be covered during the grinding process. 
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3.4.5 - XPS analysis. 

 X-ray photoelectron spectroscopy (XPS) analyzes were performed in a Kratos DLD 

Ultra Spectrometer using an Al-Kα X-ray source (monochromator) as anode. For the survey 

spectra as well as for the region scans a pass-energy of 160 eV was used. The area of interest 

was limited to 55 µm by an aperture in all cases. Charge neutralization was used for the 

analyses of all polymer coatings. The concentration and the chemical state of the elements 

were investigated. The total integral of the XPS intensities (peak area) was used for 

determining the chemical composition while a linear background subtraction was performed. 

Depth profiling was carried out by using argon sputtering with energy of 3.8 keV and a 

current density of 195 µA/cm². The etching rate was calibrated to 36 nm/min using Ta2O5. 

 

3.4.6 – Adhesion tests 

 The adhesion of the coatings to the substrates was evaluated by pull-off test performed 

on a PosiTest Pull-OFF Adhesion Tester from DeFelsko, in accordance with ASTM D 4541 

and ISO 4624. A dolly of 20 mm size was adhered to the coating surface using Alderite 

adhesive. The analyzed area was isolated by cutting the coating around the dolly using a 

special tool. The dolly was then connected to the actuator of a hydraulic pump and the 

strength necessary to pull off the coatings was measured within a resolution of 0.01 MPa. The 

measurements were performed in dry and wet coatings, where the wet condition was after 12 

h of immersion in distilled water. Three to five measurements were performed for each 

sample. In Figure 3.2 it can be seen the whole equipment with the appropriated tools used for 

this characterization. 
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Figure 3.2 Equipment and tools used for the adhesion tests. 

3.4.7- Thermal analyses 

The determination of the Tg and melt temperature of the polymers was performed 

using differential scanning calorimetry (DSC) analyses in the NETZSCH DSC 204 

equipment. Different procedures were performed depending on the coating and on the aim of 

the investigation, as will be discussed for each polymer in particular in the discussion chapter. 

In general, two to three runs were performed for each analyzes using a sample weight of 5 to 

10 mg. The determination of residual solvent amount in the coatings was performed by 

thermo gravimetric analyses using the NETZSCH TG 209 F1 equipment. The weight change 

was investigated in the temperature range of 25 - 500 oC at a heating rate of 10 K min-1 under 

argon atmosphere. The sample weight in all cases was in the range of 5 to 10 mg.  For these 

thermal analyses the coatings were removed from the substrate using a sharp blade. 

 

3.5 – Corrosion tests 

3.5.1 - Electrochemical analysis. 

 The electrochemical corrosion behaviour of the samples was evaluated using a typical 

three-electrode cell as shown in Figure 3.3a. In this cell the sample was the working electrode 

(exposure area of 1.54 cm2), a platinum mesh the counter electrode and a Ag/AgCl electrode 

was the reference one. The cell was connected to a potentiostat Gill AC from ACM 

instruments for the electrochemical measurements. When a high resistance polymer coating 

was investigated the cell was connected to a fempto amp device, which enhances the low 

current detection capacity, and placed inside a faraday cage to reduce noise in the spectra.  

For regular analyses the corrosive solution was 3.5 wt.-% NaCl. Before the impedance test the 
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open circuit potential (OCP) was measured for 15 - 30 minutes to let the potential stabilizes.  

Then the impedance test was carried out at amplitude of 10 mV for uncoated substrates and of 

15 mV for coated substrates at frequencies ranging from 104 to 10-2 Hz. 

To evaluate the performance of PAN coatings in biomedical applications, EIS tests 

were performed in simulated body fluid (SBF) with a given chemical composition. These 

analyses were performed using a special cell with a sample exposure area of 0.5 cm2 and an 

external container that allow the flux of water to regulate the solution temperature. A 

thermostat was connected to this cell and the temperature was settled at 37.5 oC. The 

impedance test was carried out in the same way as described above. The impedance spectra of 

all the samples were simulated using the software Zview2 from Scribner associates to get 

more information on the corrosion mechanism. An image of the complete experimental setup 

is shown in Figure 3.3b. 

 

                                  
 (a) 
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 electrode 

Work electrode 
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(b) 

Figure 3.3 Image of the facility used for the electrochemical investigations. 

 

 For the uncoated substrates, 30 minutes after the impedance test was finished the 

polarization analyses were performed. A potential sweep was applied at a constant scan rate 

of 12 mV/min, starting 150 mV below OCP and finishing at the current limit of 0.1 mA cm-2. 

Three to four measurements were carried out for each treatment condition as well as for the 

untreated sample.  

 

3.5.2 – Immersion corrosion test 

 Besides the electrochemical corrosion tests, immersion tests were performed. These 

analyses consisted basically in completely immerse the sample in the corrosive solution and 

follow changes in the visual aspect of the samples with the time. This test has the advantage 

to allow the investigation of a whole sample instead of only specific areas. The investigations 

in 3.5% solution were performed at room temperature while the test with SBF was performed 

at 37 oC. 
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4 – Results  

 

4.1 – Pre-treatments 

4.1.1 - Hydrofluoric acid (HF) treatment 

4.1.1.1 - Weight change and SEM analyses 

The hydrofluoric acid treatment was selected due to its interesting properties as 

described in the previous chapter. As the optimal conditions for this treatment is not reported, 

different solution concentration and treatment times were tested. The immersion of Mg 

AZ31alloy in HF solutions resulted in a gas evolution at the starting period of the treatment. 

The gas emission is related to hydrogen formed by the reaction of HF with Mg, according to 

equation 4.1.1 [1.36, 1.42]. 

 

    2HF +  Mg                  MgF2 + H2 equation 4.1.1. 
  

Figure 4.1.1.1a shows the samples weight change in relation to the treatment time, for 

different HF concentrations. After 1h of immersion, all solutions resulted in a weight loss, 

indicating a higher rate of material dissolution than of protective layer formation. After 5 h of 

immersion, a gradual weight gain (compared to the weight at 1h of treatment) was produced 

by the concentrations of 7 and 14 mol L-1. This indicates that the rate of protective layer 

formation became higher than the rate of material dissolution. After 24 h of treatment, the 

samples treated with 7 and 14 mol L-1 have a weight gain of 0.14 mg cm-2 and 0.10 mg cm-2, 

respectively, corresponding to a layer thickness of about 2 μm, as shown in Figure 4.1.1.1b. 
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Figure 4.1.1.1: (a) Weight change of samples as a function of treatment time ( the negative signal represents 

weight loss). (b) Layer thickness after 24 h of treatment as a function of solution concentration.  
 

The samples treated with the concentrations of 20 and 28 mol L-1 HF showed weight 

increase only after 15 h of immersion. After 24 h, these solutions resulted in a weight gain of 

around 0.05 mg cm-2. This smaller weight gain indicates that the rate of protective layer 

formation was lower for these concentrations compared to 7 and 14 mol L-1. Figure 4.1.1.1b 

corroborates this result, showing that these concentrations produced thinner layers after 24 h 

of treatment. These results suggest that, for the used concentration range, the higher the HF 

concentration the lower the protective layer formation rate. This trend is probably associated 

to a higher material dissolution rate at higher acid concentrations. 

Figure 4.1.1.1a also shows that the reaction of magnesium AZ31 alloy with HF has 

slow kinetics at the applied conditions. Only small quantities of protective layer (less than 0.2 

mg cm-2) were formed on the sample' surfaces, even after 24 h of treatment. Comparing to the 

work of Chiu et al. [1.42], who reported a weight gain of 35 mg cm-2 for pure magnesium ingots 
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after 24 h of immersion in 28 mol L-1 HF, it can be concluded that the reaction of AZ31 with 

HF is much slower than that of pure magnesium ingots. This leads to the suggestion that the 

alloying elements Al, Zn and Mn improve the chemical stability of magnesium compounds in 

acidic fluoride environments, in a similar manner as they improve it in chloride environments, 

as reported by Pardo [1.22]. 

Figure 4.1.1.2 shows SEM images of a sample treated with 7 mol L-1 HF for different 

times. After 5 h of treatment it is possible to observe the deposition of compounds on the 

sample surface, especially compared to the surface after 1 h of treatment. After 15 h the entire 

surface was covered by a smooth layer, which got an irregular morphology after 24 h of 

treatment. This result is in agreement with the weight change measurements showing a 

gradual weight gain produced by the concentration of 7 mol L-1 after 5h of treatment. Similar 

analyses of samples treated with other HF concentrations also confirmed the weight change 

results.  

The macroscopic aspect of the samples is shown in Figure 4.1.1.3. It can be observed 

that different acid concentrations results in different surface colours. The treatment with 7 and 

14 mol L-1 HF resulted in a yellow collared surface while the treatment with 20 and 28 mol L-1 

HF produced a black surface. This different aspect is an indicative of distinct compounds on 

the substrate surface and shows the importance of determining the appropriate treatment 

conditions, since different surfaces are created with the same acid at different concentrations. 

 

                

            
Figure 4.1.1.2: SEM figures of samples treated with 7 mol L-1 HF for different times. 

 

1 h 5 h

15 h 24 h



 44

 

       
 

 
Figure 4.1.1.3: Image of the samples treated with 14 mol L-1 HF (left) and 20 mol L-1 HF (right) for 24 h. 

  

4.1.1.2 – OES analyses  

  The OES results of samples treated with 14 and 28 mol L-1 HF and of as-received and 

ground samples are given in Table 4.1.1.1. A slight decrease in magnesium concentration 

after the HF treatment  can be observed, due to its dissolution. This magnesium dissolution 

resulted in an enrichment of some elements, like Al and Mn for the sample treated with 14 

mol L-1. As described in the introduction, iron, copper and nickel are the most deleterious 

impurities for magnesium alloys [1.17, 4.1, 4.2]. From Table 4.1.1.1 it can be seen that only the 

iron concentration was reduced by the HF treatment, reaching values close to that of the bulk 

composition (ground substrate), in particular, for the concentration of 28 mol L-1. Nickel and 

copper were not dissolved during the treatment, probably due to their presence in more stable 

phases, as described by Liu et al. for copper [1.27]. It is also possible that the removal of these 

metals was not detected as their concentration is very low. 

 
Table 4.1.1.1: Chemical composition of the samples, obtained by OES analyzes. 

 
Sample Mg (%) Al (%) Zn (%) Mn (%) Fe  (%) Ni  (%) Cu  (%) 

Untreated 95.70 3.23  0.823 0.225 0.008 0.001 0.001 

Ground 95.72   3.23 0.810  0.222 0.005 0.001 0.001 

14 HF  94.84 4.04 0.812 0.246 0.006 0.001 0.001 

28 HF  95.31 3.62 0.829 0.214 0.005 0.001 0.001 

 

 In the introduction it is discussed that the Fe/Mn ratio is considered as a critical factor 

in corrosion studies of magnesium [4.3, 4.4]. Its critical value is reported as 0.032 for AZ alloys 
[4.5, 4.6]. In the present study, the treatment of magnesium AZ31 alloy with 14 and 28 mol L-1 

2 cm
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HF reduced the Fe/Mn ratio from 0.035 to 0.024 and 0.023, respectively, below the critical 

value, showing that this treatment is a cleaning process with respect to iron. 

 

4.1.1.3 – FT-IR and XPS investigations 

 According to previous literature [1.42, 1.50], the treatment of Mg alloys with HF results in 

the formation of a MgF2 layer at the metal surface. Magnesium fluoride has intense IR bands 

only below 600 cm-1, but in the IR spectra of treated Mg AZ31 samples (Figure 4.1.1.4) there 

is a broad signal above 3000 cm-1, a duplet at 2364 cm-1, another signal at 1640 cm-1 and some 

broad signals below 900 cm-1. This clearly indicates that not only MgF2 was formed at the 

surface of the specimens. 
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Figure 4.1.1.4: FT-IR spectra of  Mg AZ31 samples treated with (a) 14 mol L-1 HF and (b) 28 mol L-1 for  

different times. 
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 The broad signal above 3000 cm-1 is related to the O-H stretching of hydroxides and to 

water molecules linked to the surface by hydrogen bonds. The deconvolution of this signal, 

Figure 4.1.1.5a, results in four different O-H stretching modes. The signal at 3280 cm-1 can be 

attributed to adsorbed water, and the other three signals can be related to Mg(OH)2, Al(OH)3 

and Zn(OH)2 [4.7].  The intensity of these different O-H signals decreased with an increase of 

the HF concentration which is caused by the high hydrophobic character of the fluoride [4.8]. 

In general, an increase in the treatment time results in an increase in signal intensity. An 

exception is the concentrated HF (28 mol L-1) where no hydroxides were observed (Figure 

4.1.1.4b). The signal at 1640 cm-1 is related to the bend mode of the H-OH bond, which 

confirms the presence of adsorbed water. The presence of a shoulder at 1570 cm-1 indicates 

different interactions between water and hydroxides at the metal surface, which agrees with 

the high quantity of different O-H signals. The duplet at 2364 cm-1 is related to CO2 adsorbed 

from the environment [4.9]. 
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Figure 4.1.1.5: Deconvolution of the FT-IR spectrum of a sample treated with 14 mol L-1 HF for 24 h in the 

region of: (a) 3100 – 3700 cm-1 and (b) 500 – 950 cm-1. 

 

In general, below 900 cm-1 the spectra shows series of signals (Figure 4.1.1.5b), 

usually with an intense one at 650 cm-1 and three signals of lower intensity around 745, 800 

and 840 cm-1. By increasing the treatment time, these signals shifted to higher wave numbers. 

On the other hand, the signals shifted to lower wave numbers with increasing HF 

concentration. The number of signals in this range also increased with treatment time and 

decreased with acid concentration. This suggests that the signals that were present only at low 

HF concentrations and higher treatment times are related to hydroxides and/or to oxides.  

 According to previous literature, the signals below 900 cm-1 can be related to 

stretching and bending modes of hydroxide, oxide, carbonate and fluoride specimens [4.7, 4.9-

4.12]. At this range, signals related to compounds of the general formula Mg(OH)xF2-x (e.g. 
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Mg(OH)1.6F0.4, Mg(OH)1.2F0.8) as described by Prescott et. al [4.13] is also reported. The 

presence of such compounds was investigated by XPS, and the results are shown in Table 

4.1.1.2. Table 4.1.1.2 indicates that the F/Mg ratio varies from 1.7 to 2.0, depending on acid 

concentration and etching time (depth). As the F/Mg ratio of MgF2 should be equal to 2, 

lower values indicate the presence of other magnesium compounds, e.g., Mg(OH)2. As the 

O/Mg ratio varies from 0.2 to 0.3, in almost all samples, and the summation of O/Mg and 

F/Mg equals 2, considering a variation of 0.15 in the ratios, the presence of the compounds 

Mg(OH)0.3F1.7, Mg(OH)0.2F1.8 and Mg(OH)0.1F1.9 is suggested. Thus, it can be concluded that 

the formed layer is mainly constituted of magnesium fluoride, but hydroxide and oxides are 

present in the crystalline structure.  

 
Table 4.1.1.2: F/Mg and O/Mg ratios calculated using the XPS results. 

 
7 HF 14 HF 20 HF 28 HF Etching time (s) 

F/Mg O/Mg F/Mg O/Mg F/Mg O/Mg F/Mg O/Mg 

60 2.0 0.3 1.9 0.2 2.0 0.1 1.9 0.3 

300 1.8 0.3 2.0 0.2 1.8 0.2 2.0 0.3 

540 2.0 0.3 1.9 0.2 1.7 0.2 2.0 0.3 

600 1.9 0.3 2.0 0.2 1.7 0.2 1.9 0.3 
 

4.1.1.4 – Electrochemical investigations 

 Figure 4.1.1.6 shows the results of the impedance measurements of samples treated 

with 20 mol L-1 HF and 28 mol L-1 HF after 15 min of exposure to a 3.5 wt.-% NaCl solution. 

It can be observed that the sample treated with 20 mol L-1 HF for 24h has a much higher 

impedance compared to 28 mol L-1 HF and to the other treatment times. The samples treated 

with 14 mol L-1 HF behaved similar to those treated with 20 mol L-1 HF, and the higher 

impedance was obtained for these two conditions, as shown in Table 4.1.1.3, three orders of 

magnitude higher than that of the untreated sample. The samples treated with 7 mol L-1 HF 

showed a similar behaviour to the one observed in Figure 4.1.1.6b. 
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Figure 4.1.1.6: Bode plots of Mg AZ31 samples treated with 20 and 28 mol L-1 HF for different 

treatment times, after 30 minutes of exposure to a 3.5 wt.-% NaCl solution. 

 

 Figure 4.1.1.7 shows the impedance of samples treated with 14 and 20 mol L-1 HF 

during 24 h, at different exposure times to 3.5 wt.-% NaCl solution. After 20 h of exposure 

the impedance of the treated samples was similar to that of the untreated one, showing that the 

layer has already failed. This result shows that, the HF treatment is not suitable as a final 

corrosion protection process, because it does not result in long-term stable conversion 

coatings. 

 Additionally, the corrosion behaviour was evaluated by polarization measurements, as 

presented in Figure 4.1.1.8. In general, the polarization curves did not have a defined anodic 

slope and showed direct dissolution of the metal above the corrosion potential. This suggests 

the presence of defects in the protective layer. Table 4.1.1.3 shows the results of the cathodic 

slope analysis, where it can be seen that the samples treated with 20 mol L-1 HF and 14 mol L-

1 HF for 24 h had the lower corrosion current, 0.017 and 0.019 mA/cm2, respectively, 6 times 

lower than that of the untreated sample, corroborating the results of the impedance spectra. 
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Figure 4.1.1.7: Bode plots of Mg AZ31 samples treated with 14 and 20 mol L-1 HF at different exposure times to 

a 3.5 wt.-% NaCl solution. 
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Figure 4.1.1.8: Polarization curves of the samples treated with HF during 24 h. 
 

For all samples, no correlation between the corrosion potential, Ecorr, and the corrosion 

current was observable. Considering these two "best" acid concentrations and taking into 

account safety and economic aspects, the 14 mol L-1 HF is preferable than 20 mol L-1HF since 

it is less aggressive and demands less hydrofluoric acid, which is relative expensive (800 mL 

costs approx. 200 Euros). Therefore, this solution was selected for the pre-treatment of the 

samples before the coating process.  

To evaluate if a prior cleaning could enhance the protective properties of this 

treatment, the 20 mol L-1 HF solution was also used to treat ground samples. The results of the 

electrochemical tests are given in Table 4.1.1.3. By comparing these results with those of the 

as-received samples it can be observed that the grinding process had no beneficial effect on 

the corrosion resistance. Instead, a higher corrosion rate was obtained. This is related to the 

removal of the partially protective MgO film during the grinding process. During the HF 

treatment, besides impurities removal (in the first hours of immersion), a part of the MgO film 

present on the as-received sample is maintained. The grinding removes impurities (as does the 
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HF treatment) but completely removes the partially protective MgO film. For this reason, the 

ground samples showed slightly worse behaviour. This is an interesting result as it 

demonstrates that the HF treatment can be applied directly on the as-received material without 

requiring prior cleaning.   
 

Table 4.1.1.3: Electrochemical results obtained by the impedance spectra and polarization curves. In the Table, 

“Z” corresponds to the impedance at the lowest frequency on the ESI spectra. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.1.2 – Grinding and acid cleaning 

 Aiming to compare the HF-treatment with other acid cleaning processes, acetic and 

nitric acid were used for the pre-treatment of the alloy. Theses acids were selected due to their 

interesting properties as described by Nwaogu [1.33, 1.34]. A detailed study on the influence of 

different concentrations and treatment times of AZ31 alloy using these two acids is reported 

by Nwaogu et al.[1.33, 1.34]. It was shown that acetic acid, in a concentration of 5 mol  L-1 results 

in the most significant decrease in corrosion rate among the organic acids. In the group of 

inorganic acids, the lower corrosion rate was obtained using nitric acid at a concentration of 1 

mol  L-1. For both acids the optimal treatment time was determined as 2 minutes. A complete 

Concentration Z (kΩ cm2) Ecorr(mV) Icorr(mA/cm2) 

7 HF 1 h 0.56 -1510 ± 20 0.074 ± 0.029 
7 HF 5 h 0.93 ± 0.33 -1525 ± 14 0.049 ± 0.023 
7 HF 15 h 4.00 ± 1.5 -1523 ± 16 0.033 ± 0.023 

     7 HF 24 h 1.88 ± 0.41  -1470 ± 16 0.055± 0.004 

    
14 HF 1 h 0.547 ± 0.262 -1520 ± 11 0.039 ± 0.029 
14 HF 5 h 2.11 ± 1.60 -1535 ± 20 0.023 ± 0.010 

14 HF 15 h 3.88 ± 0.454 -1507 ± 6 0.030 ± 0.014 
14 HF 24 h 85 ± 50 -1498 ± 23 0.019 ± 0.01 

    
20 HF 1 h 0.58 ± 0.04 -1513 ± 1.7 0.029 ± 0.001 
20 HF 5 h 1.39 ± 0.37 -1506 ± 6 0.033 ± 0.001 

20 HF 15 h 3.42 ± 1.68 -1468 ± 23 0.013 ± 0.011 
20 HF 24 h 65 ± 11 -1468 ± 28 0.017 ± 0.005 

    
28 HF 1 h 0.90 ± 0.54 -1516 ± 16 0.025 ± 0.012 
28 HF 5 h 1.14 ± 0.01 -1525 ± 44 0.029 ± 0.003 

28 HF 15 h 1.11 ± 0.13 -1445 ± 22 0.030 ± 0.009 
28 HF 24 h 2.92 ± 1.30 -1459 ± 32 0.062 ± 0.034 

    
Untreated 

AZ31 
0.06 ± 0.01 -1473 ± 1 0.111 ± 0.010 

20HF 24 h 
(ground) 

75 ± 2.01 1449 ± 69 0.020 ± 0.004 
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characterization of the alloys treated with these acids is not presented in the present study 

since that this is done in the studies of Nwaogu et al. [1.33, 1.34].  

 From figure 4.1.2.1 it is obvious that both acids reduce the cathodic current compared 

to the as-received substrate. Despite similar values, nitric acid reduces the cathodic current 

slightly more than acetic acid. Nevertheless, both acids produced samples with substantial 

higher cathodic currents compared to the ground substrate and to the 14 mol L-1 HF treated 

sample. Thus, the best substrate treatments, with regard to low corrosion current, are 

classified in the following order: 14 mol L-1 HF > grinding > HNO3 ≥ Acetic acid > as-

received. Similarly to the results using different HF concentrations, no correlation between 

cathodic current and the corrosion potential could be evaluated.  
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Figure 4.1.2.1: Polarization curves of ground and as-received (AR) substrates and of samples treated with acetic 

acid (AA), nitric acid and 14HF. 

 

In table 4.1.2.1 it is shown the influence of these treatments on the substrate surface 

roughness. It can be observed that the treatment with acetic acid produced the higher surface 

roughness increase while the grinding process produced the higher surface roughness 

decrease. The treatment with HF and nitric acid did not result in considerable surface 

roughness variations, compared to the as-received sample. This difference in surface 

roughness is related to the metal dissolution rate in the acid solutions. The lower dissolution 

rate in HF is caused by the formation of the stable MgF2 layer, while in HNO3 it is related to 

the lower acid concentration in comparison to the acetic acid solution. In case of acetic acid, 

the 5 mol L-1 solution produced many bubbles and heat even in the first seconds of treatment, 

while the other acid treatments were much milder. The differences in surface roughness are 
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important to evaluate the influence of this parameter in the coating adhesion and also on the 

coating morphology as will be discussed in details later on. 
 

Table 4.1.2.1: Substrates surface roughness. 
 

Sample Surface roughness (µm) 
As-received AZ31 0.37 ± 0.10 

Ground AZ31 0.09 ± 0.01 
Nitric Acid 0.36 ± 0.07 

Acetic acid treated AZ31 2.12 ± 0.23 
14HF treated AZ31 0.37 ± 0.02 

 

 Figure 4.1.2.2 gives the infrared spectra of the as-received, acetic and nitric acid 

treated substrates. It is visible that, while acetic acid considerably decreases the intensity of 

the signals below 1000 cm-1, the treatment with nitric acid results in an intensity increase of 

these signals, and signals related to the NO3
- anion appears. This indicates that acetic acid 

removes the partially protective magnesium oxide layer on the substrate surface while the 

treatment with nitric acid forms these compounds. It can also be observed that both acids 

increase the intensity of the signals higher than 3000 cm-1 indicating an increase in the 

concentration of hydroxides. In general, it can be said that the treatment with nitric acid forms 

more compounds on the substrate surface than acetic acid, which has a much stronger effect 

in the removal of the native magnesium oxide/hydroxide film. Similar conclusion were made 

by Nwaogu et al, who demonstrate that the removal of material was much higher in case of 

acetic acid compared to nitric acid [1.33, 1.34]. 

4000 3500 3000 2500 2000 1500 1000 500

0.00

0.02

0.04

0.06

A
bs

or
ba

nc
e 

(%
)

Wavenumber (cm-1)

 Acetic acid treated 
 As-received
 Nitric acid treated

oxides hydroxides
nitrates

NO3
-

carbon
compounds

 
Figure 4.1.2.2: Infrared spectra of the as-received, acetic acid and nitric acid cleaned substrates. 
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4.2 – Polymer coatings 

4.2.1 – Spin-coated poly (ether imide) [PEI] 

4.2.1.1 – Coating characterization 

 The spin-coating process is a useful and common tool for the preparation of extreme 

thin and uniform films on flat substrates. This coating method is used in electronics industry, 

e.g. wafer coating, and for the preparation of solid oxide fuel cells (SOFC) [4.14-4.17]. One of 

the main advantages of this method is the thickness uniformity of the prepared coating, which 

is a problem for other coatings methods, as dip-coating, where the solvent flow induces non 

uniform covering of the surface, and consequently defect formation [1.63]. Besides that, the 

thickness of the coatings can be controlled by spinning speed and solution concentration, what 

allows the formation of uniform coatings with specific thicknesses. As a drawback, this 

method is restricted to flat substrates and it is not suited for large production rates since it is a 

batch process [1.63]. 

The morphology of PEI coatings prepared by spin-coating is extremely influenced by 

atmospheric humidity, as can be seen in figure 4.2.1.1. Under standard room conditions with 

certain humidity, the coatings have a white appearance indicating a porous morphology, as 

could be confirmed by the SEM images shown in figures 4.2.1.2a and 4.2.1.2c. These pores, 

with ca 2 μm of diameter, are formed due to the polymer precipitation in presence of air 

humidity [1.68, 4.18]. A similar behaviour is reported by Eisenbraun [1.75, 1.74] for polyamic acid 

and fluorinated polyimide. Under N2 atmosphere, the dry gas induces a phase inversion 

process governed by solvent evaporation that leads to a transparent, non-porous coating, as 

can be observed in figures 4.2.1.2b and 4.2.1.2d.  

 

    
 

 
Figure 4.2.1.1: A AZ31 sample spin-coated with PEI/NMP (10/90) under room atmosphere (left) and under N2 

atmosphere (right). 
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 (a)                                                                          (b) 
 

           
(c)                                                                          (d)  

 
Figure 4.2.1.2: SEM photographs of spin-coated samples prepared on ground substrates. (a) and (b) are samples 

coated with PEI/DMAc (10/90) at room and N2 atmosphere, respectively, and (c) and (d) are samples coated 

with PEI/NMP (10/90) at room and N2 atmosphere, respectively. 

 

The thickness of the coatings varies with the spinning speed, atmosphere, solution 

concentration and solvent type as shown in figure 4.2.1.3. For all the conditions, the thickness 

decreases with the spinning speed, due to the increase in the centrifugal force acting on the 

solution. A higher centrifugal force results in a higher solution outflow from the substrate, 

thinning the film. On the other hand, a higher spinning speed increases the solvent 

evaporation rate, and consequently, the solution viscosity. The viscous drag acts in the 

opposite direction of the centrifugal force inhibiting and excessive thinning of the coating. 

The influence of the atmosphere can be observed by comparing figures 4.2.1.3a with 4.2.1.3b. 

The higher thickness obtained at room atmosphere is related to the faster rate of polymer 

precipitation, induced by air humidity, than of solvent evaporation under N2 atmosphere. 

After the polymer precipitation, the film could not undergo a further thinning process, and 

hence, the thickness at this condition was higher. The effect of humidity on the polymer 

precipitation was stronger for PEI/DMAc (10/90) than for PEI/NMP (10/90) due to the lower 

stability of the PEI/DMAc solution in the presence of water, as reported by Wang [4.19]. For 

this reason this solution resulted in thicker coatings. Solutions of 15 wt.-%   were not used at 

room conditions due to non-uniform covering of the substrate, as observed in previous tests. 



 55

This is probably related to a very high polymer precipitation rate of this solution at room 

atmosphere which inhibited the formation of a uniform layer. 
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Figure 4.2.1.3: Thickness of the coatings as a function of spinning speed: (a) Room atmosphere and  (b)  N2 

atmosphere. 
 

The influence of the solution concentration on the coating thickness, observed for the 

coatings prepared under N2 atmosphere, figure 4.2.1.3b, is associated with the solution 

viscosity. According to studies in the literature, for the same solute-solvent system and the 

same spinning speed, the higher the viscosity the thicker the film [1.70, 1.71]. This is due to the 

lower outflow of a more viscous solution. As expected the 15 wt.-% solutions had higher 

viscosities than the 10% wt solutions (Table 4.2.1.1), and for that reason, produced thicker 

coatings.   
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Despite the lower initial viscosity of the solution PEI/DMAc (15/85) compared to 

PEI/NMP (15/85 (table 4.2.1.1), the first one produced thicker coatings. This result is related 

to the extra drying process applied on the samples coated using NMP solutions which 

produces a further thinning in these coatings. Besides that, the solvent evaporation during the 

spin-coating process leads to a viscosity increase [4.20]. As shown in table 4.2.1.1, DMAc has a 

much lower boiling point than NMP, being more volatile. Hence, at the beginning of the spin-

coating process, PEI/DMAc (15/85) undergoes a higher viscosity increase than PEI/NMP 

(15/85), due to its higher solvent evaporation rate. This viscosity increase also collaborates for 

the higher thickness of the coatings prepared using DMAc [1.78]. 
 

Table 4.2.1.1 Solutions used in the coating process. 

Polymer/Solvent Concentration (wt.-% ) Viscosity (Pa s) 

10 0.043 

15 0.245 

 
PEI/DMAc 

20* 1.503 
10 0.084 
15 0.620 

 
PEI/NMP 

20* 2.980 
    * Used only for dip-coating 

 

Figure 4.2.1.4 shows the FT-IR spectra of coatings prepared using NMP and DMAc as 

solvents, before and after drying in a vacuum oven at 135o C during 12 h. In figure 4.2.1.4a it 

is show the influence of the solvent on the signal around 1360 cm-1 which is related to the C-

N-C stretching mode of the imide ring [4.21]. This signal usually appears centred at 1365 cm-1 

with a small shoulder around 1380 cm-1, as it appears in figure 4.2.1.4b. For the coating 

prepared using NMP this signal splits into three ones. This suggests that NMP strongly 

interacts with the imide ring of PEI that makes it difficult to remove it by spin-coating and 

even by the drying in the vacuum oven, as the signal around 1360 cm-1 still indicates residual 

amounts of NMP. Such interaction is not observed for the coating prepared using DMAc. 

Thermo gravimetric analyses showed a slightly higher amount of residual NMP than DMAc 

in the respective coatings prepared using 15 wt.-%   solutions (6.07% and 5.49% 

respectively). 
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Figure 4.2.1.4: FT-IR spectra of spin-coated samples (ground substrates) before and after drying in a vacuum 

oven at 135 oC for 12h. The arrows in the figures indicate signals related to the solvents. 

 

4.2.1.2 – Electrochemical impedance spectroscopy (EIS) 

Figure 4.2.1.5 shows the impedance spectra of samples prepared by spin coating under 

room and N2 atmosphere. The impedance of the samples coated with PEI/DMAc (10/90) at 

room conditions, figure 4.2.1.5a, is in the order of 105 Ω cm2, in the same magnitude of PEO 

coatings described in the literature [1.53-1.57], and only one order of magnitude lower than that 

of coatings prepared under N2 atmosphere (figure 4.2.1.5b). Nevertheless, despite this 

considerably high initial impedance, the coatings prepared at room atmosphere did not show 

acceptable protective properties after one day of exposure to the corrosive solution, and the 
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coatings morphology was highly sensitive to humidity variations, affecting the reproducibility 

of the results. For this reason, further characterization was focused on coatings prepared under 

N2 atmosphere. As figures 4.2.1.5a and b show the initial impedance does not considerably 

change with the spinning speed (coating thickness) a Mean value was selected for further 

studies (1400 rpm). 

Due to their non-porous morphology the samples prepared under N2 atmosphere 

showed good corrosion protection after 2-9 days of exposure to the corrosive solution, 

depending on the coating thickness. Figure 4.2.1.6 shows the impedance variation with time 

of coatings prepared using DMAc as solvent. The decrease in impedance with exposure time 

indicates the diffusion of water and ions through the coating which increased its dielectric 

constant, and consequently, decreased its resistance [1.95]. After 20 h of exposure to the 

corrosive solution, the samples spin-coated  with PEI/DMAc (10/90), figure 4.2.1.6a, showed 

impedances in the order of 104 Ω cm2 and a capacitive behaviour in a small frequency range 

(103 - 104 Hz) indicating that the coating considerably had lost its capacity to separate the 

solution from the metallic substrate [1.67, 1.95]. After 48 h of exposure, this coating was 

completely damaged. 
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Figure 4.2.1.5: Impedance spectra of samples spin-coated with PEI/DMAc (10/90) on ground substrates, at 

different atmospheres and spinning speeds. The measurements were performed after 15min of exposure to a 3.5 

wt.-% NaCl solution. 
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Figure 4.2.1.6:  Impedance spectra of samples spin-coated at 1400 rpm on ground substrates using (a) 

PEI/DMAc (10/90) and (b) PEI/DMAc (15/85), under N2 atmosphere at different exposure times to a 3.5%  

NaCl solution. 

 

The samples coated using PEI/DMAc (15/85), figure 4.2.1.6b, showed better result 

due to their increased thickness. The initial impedance was in the order of 109 Ω cm2, which is 

in the same order of PEI coatings prepared by dip-coating using CH2Cl2 as solvent, reported 

in a previous publication of our group [1.68]. At 72 h of exposure the spectra started to change 

at frequencies below 100 Hz (of logf = 0), showing another capacitive part (-1 slope), 

indicating the gradual concentration of water and anions on the metal/polymer interface. At 

this exposure time, the impedance dropped to 107 Ω cm2 and maintained this value for the 

next 192 h, which is an excellent result for coated magnesium compounds compared to other 

reports in the literature [1.53-1.57, 1.68] especially at this low coating thickness. The impedance 

reaches 105 Ω cm2 after 240 h of exposure and the value of the uncoated metal 24 h after that. 

The performance of this sample was confirmed by measuring two other samples which 

showed similar behaviours.  

The samples coated with PEI/NMP (10/90), figure 4.2.1.7a, showed impedance values 

of 104 Ω cm2 after only 4 h of exposure, indicating that the solution could easily penetrate and 

reach the substrate. This was confirmed by a second capacitive behaviour that appeared after 

1h of exposure in the frequency range of 100–102 Hz. After 10 h of exposure, the coatings 

prepared using PEI/NMP (10/90) showed considerable degradation. The samples coated by 

PEI/NMP (15/85) showed inferior behaviour compared to PEI/DMAc (15/85). They were 

considerable degraded after 48 h of exposure (figure 4.2.1.7b). The reason for the inferior 

behaviour of the coatings prepared using NMP in both concentrations is related to residual 

solvent and, in the case of coatings prepared using 15%-wt solution, to their lower thickness. 
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Figure 4.2.1.7:  Impedance spectra of samples spin-coated at 1400 rpm on ground substrates using (a) PEI/NMP 

(10/90) and (b) PEI/NMP (15/85) under N2 atmosphere at different exposure times to a 3.5%  NaCl solution. 

 
Despite the good performance of the coating prepared using DMAc, a much better 

performance was obtained when the coating was post-dried in a vacuum oven, as can be 

observed in figure 4.2.1.8 (the residual solvent amount was reduced from 6% to 4% by this 

process). This coating maintained impedance in the order of 106 cm2 even after 768 h of 

exposure to the corrosive solution. Similar impedances are only described in the literature for 

much thicker and more complex coatings. Due to the coating transparency, it was possible to 

observe that corrosion products start to be formed on the substrate at 336 h of exposure.  

However, the presence of these corrosion products has significant influence on the coating 

deterioration only at an exposure time of 768 h when the coating starts to show considerable 

impedance decrease in a time period of 48 h. The better performance of the post-dried coating 

shows that the presence of residual solvent plays a significant role in the protective properties 

of the coatings. A total removal of the residual solvent could be achieved using higher 

temperature and longer drying times. This would certainly reduce even more the diffusion of 

water but could have negative influences in the mechanical properties of the film (e.g. 

increasing brittleness).  
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Figure 4.2.1.8: EIS spectra of a coating prepared using PEI/DMAc (15/85) after 2 h in a vacuum oven at 135 oC. 
 

To extend the understanding on how the presence of residual solvent affects the 

coating performance, EIS simulations of the just spin-coated and post dried samples were 

performed. In figure 4.2.1.9a it can be observed the theta Bode plot of the just spin-coated 

sample and the fitting result obtained using the circuit model shown in figure 4.2.1.9b. This 

circuit differs from the one used for the simulation of post-dried coating by an extra constant 

phase element (CPE) in parallel with other resistance, which are here called of CPE1 and R1, 

respectively. The addition of CPE1 and R1 in parallel was necessary to correctly simulate the 

high frequency behaviour observed in figure 4.2.1.9a. At high frequencies, theta shows two 

distinct loops which are observed in all immersion times (240 h is the only exception). At 

certain exposures time, the theta Bode plot clearly shows three time constants that were 

impossible to simulate using the traditional two CPEs circuit (Figure 1.11b). As shown in 

figure 4.2.1.10 these two high frequency capacitive loops are not present in post-dried 

samples, indicating that CPE1 and R1 simulates the influence of solvent rich domains in the 

coating capacitance. 

  



 62

-2 -1 0 1 2 3 4
0

-20

-40

-60

-80

-100
θ 

( º
 )

log f (Hz)

 15 min
 4h
 22h
 72h
 144h
 240h
 Fit result

 
(a) (b) 

 
Figure 4.2.1.9: (a) Theta Bode plot of the samples coating with PEI/DMAc (15/85), (b) electronic 

circuit used in the results simulation.  
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Figure 4.2.1.10: Theta Bode plot of just spin-coated and dried in a vacuum oven at 135 oC for 2h. 
 

The fitting values of the just spin-coated and post-dried samples prepared using 

PEI/DMAc (15/85), are shown in table 4.2.1.2. It can be observed that, for the just spin-coated 

sample, T1 maintains a constant value in the first 3h of exposure, show a slightly increase 

after 72 h and decreases after 144 h while T2 shows a progressive increase during the whole 

exposure time. This constant value of T1 in the beginning of exposure suggests that the 

solvent-rich domains on the coating surface are saturated with electrolytes. At this saturation 

stage, when an electrolyte enters in the solvent-rich domain of the coating an equal amount 

goes from it to the solution and/or to the solvent-poor domain inducing an increase in T2 and a 
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constant value of T1. Considering that the solvent-rich domains on the coating surface are 

saturated, the following variations in T1 are entirely related to changes in the A/d ratio of 

equation 1.4. The increase in T1 observed until 72 h suggests that the electrolytes diffuses in 

the film and reaches others solvent-rich domains, increasing the area of saturated solvent-rich 

domains, and consequently, producing an increase in T1. This is schematically shown in 

figure 4.2.1.11. 

After certain exposure time the solvent-rich domains will be saturated in the entire 

coating exposed area (case 2 in figure 4.2.1.11) and the following variations in T1 will be 

entirely related to changes in thickness. As the electrolytes get deep into the coatings, the total 

thickness of the saturated solvent-rich domains (the total thickness of all the saturated solvent-

rich domains) increases, leading to the decrease in T1 that is observed at 144 h. On the other 

hand, the value of T2 increases constantly during the whole exposure time due to the increase 

in dielectric constant produced by the flux of electrolytes from the solution and saturated 

solvent-rich domain to the solvent-poor domain.  

This model predicts that after certain exposure time, all the solvent-rich domains will 

be saturated with electrolytes in the whole volume of the exposed coating and T1 will be 

constant. At this time, electrolytes will diffuse from the solvent-rich domain to the solvent-

poor one until they have the same electrolyte amount, and CPE1 and CPE2 will merge in one 

single CPE. This is confirmed by the curve for 240 h of exposure shown in Figure 4.2.1.9a 

where only one time constant can be observed at high frequencies, indicating an equal 

electrolyte distribution in the coating. This curve was simulated using the tradition two CPE 

circuit (figure 1.11b) and it can be observed from Figure 4.2.1.10a and Table 4.2.1.2 that the 

model fitted very well in the curve and that the values follow the trend observed in the other 

exposure times. 
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Table 4.2.1.2: Results of the fitting process of the EIS spectra. In the table, T1, T2 and Tdl are the T coatings of 

CPE1, CPE2 and CPEdl, respectively. 
 

Exposure 

 time 

T1 

(Ω-1 cm2) 

R1  

(Ω cm2) 

T2 

(Ω-1 cm2) 

R2 

(Ω cm2) 

Tdl 

(Ω cm2) 

Rdl 

(Ω cm2) 

Just spin-coated 

15 min 4.0 x 10-9 1.2 x 104 3.0 x 10-9 3.0 x 108 5.0 x 10-9 1.0 x 109 

3 h 4.0 x 10-9 3.0 x 104 4.0 x 10-9 6.5 x 106 8.0 x 10-9 2.0 x 107 

22 h 4.5 x 10-9 3.0 x 104 4.6 x 10-9 4.0 x 106 1.2 x 10-7 6.9 x 106 

72 h 6.6 x 10-9 5.0 x 104 4.8 x 10-9 1.8 x 106 1.8 x 10-7 1.2 x 107 

144 h 4.3 x 10-9 6.0 x 104 8.0 x 10-9 2.4 x 105 2.5 x 10-7 8.5 x 106 

240 - - 2.2 x 10-8 1.2 x 105 9.2 x 10-6 4000 

Post-dried 

30 min - - 1.6 x 10-9 1.2 x 109 - - 

20 h - - 1.4 x 10-9 2.9 x 108 - - 

72 h - - 1.6 x 10-9 1.2 x 108 - - 

216 h - - 1.2 x 10-9 1.5 x 107 2.8 x 10-8 3.6 x 107 

336 h - - 1.3 x 10-9 1.5 x 107 3.9 x 10-8 4.2 x 107 

504 h - - 1.3 x 10-9 1.7 x 107 4.5 x 10-7 5.6 x 106 

768 h - - 1.2 x 10-9 6.7 x 105 5.1 x 10-7 1.2 x 107 

792 h - - 1.37 x 10-9 4.69 x 105 - - 

 
Interesting considerations can also be drawn regarding R1 and R2. Table 4.2.1.2 shows 

that R1 increase while R2 decreases during all exposure times. The decrease of R2 is a normal 

and expected behaviour related to the increase in the electrolyte content in the solvent-poor 

domain. In the case of R1, the increase is probably related to solvent been washed out from the 

coating. When the solvent is washed out, the resistance of the solvent-rich domain moves 

towards the resistance of the solvent-poor one. However, as the increase was small compared 

to R2, it can be conclude that only a small amount of solvent was washed out until 144 h of 

exposure. It is interesting to observe that R2 is three orders of magnitude higher than R1 at the 

first hours of exposure, but after 144 h, they are in a similar range. This is another indicative 

that the electrolytic distribution becomes more homogeneous with the exposure time, and that 

the differences in electrolytes contents between solvent-rich and solvent-poor domains 

becomes smaller until only one CPE is observed. 
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Figure 4.2.1.11: Scheme of the electrolyte diffusion in the coating: 1) the electrolyte starts entering the coating 

saturating the solvent-rich domains at the surface; 2) the electrolyte diffuses in the coating saturating other 

solvent rich domains right beneath the surface; 3) the electrolyte moves deep into the coating, saturating all the 

solvent-rich domains in the whole coating volume exposed to the solution. 

 

Beside these two coatings constant phase elements, a third one related to the double-layer of 

ions in the polymer-metal interface is observed. This double layer CPE appears even after 15 

min of exposure, suggesting the presence of small defects in the coating which allowed the 

fast arrival of electrolytes in the interface. As expected, Tdl increases and Rct decreases with 

exposure time, indicating the increase of electrolyte at the interface.  

The behaviour of samples coated by PEI/NMP (15/85) follow a similar trend as the 

one described above, but however, a much higher variation in T1 and T2 is observed in a 

shorter period of time, indicating a faster diffusion of water. This is related to a stronger 

Area of saturated solvent-rich domains = Total exposed area 

Area of saturated solvent-rich domains = A1 + A2 + A3 + A4 

Thickness of saturated 
solvent-rich domains 

Thickness of saturated 
solvent-rich domains 

Metal 
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1) 

2) 
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interaction between PEI and NMP [4.19] that probably leads to a stronger plasticizing effect. 

This higher water diffusion rate is responsible for the low protective properties of this coating. 

 This could be further confirmed by comparing the wet adhesion values for these 

coatings, shown in table 4.2.1.3. As the adhesion is similar for both coatings it can be 

concluded that the rate determining effect of the impedance decreases with exposure time is 

not adhesion loss, but rather the difference in electrolytes diffusion in the coating. The higher 

electrolyte diffusion through the coatings prepared using NMP leads to higher currents and 

consequently lower impedance. The performance of PEI coatings prepared using NMP 

solutions will be certainly better using a drying step in a vacuum oven, but however, due to 

the lower thickness it is expected that the performance of the post-dried NMP coating will be 

worse than that of the post-dried DMAc one. Besides that, the NMP coatings would still 

require an extra drying step after spin-coating before the oven drying, otherwise the coating 

would be wet and could form a porous morphology by phase inversion caused from the 

contact with air and humidity. As a result, DMAc solution is much more appropriate for the 

preparation of PEI protective coatings. 
 

Table 4.2.1.3: Adhesion test results. 
 
 

 

 

 

 In case of the post dried coating, the T2 constant does not follow a regular variation 

and shows much lower values than in the just spin-coated sample. This irregular variation of 

T2 suggests a non-uniform diffusion of electrolyte in the coating while the lower value is a 

result of the lower residual solvent amount. A detailed description on the degradation 

mechanism of the post dried coating will be given in the following chapters, since that it is the 

same as the degradation mechanism observed for PEI coatings prepared by the dip-coating 

method. 

 

4.2.1.3- Influence of substrate pre-treatment 

Figure 4.2.1.12 shows the pre-treatment effect on the coating morphology. The pre-

treatment is an important process for the corrosion protection of coatings, since it influences 

the adhesion, the film formation process and the impurity concentration on the metal surface. 

It can be observed that the coatings prepared on acid treated substrates have a non uniform 

morphology due to surface roughness effects. The acetic acid treatment resulted in a higher 

Sample Adhesion strength (MPa) 

PEI/DMAc (15/85) 2.00 ± 0.64 

PEI/NMP (15/85) 2.25 ± 0.51 
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average surface roughness (2.21 μm) compared to HF (0.37 μm) and HNO3 (0.36 μm) 

inducing a higher coating surface roughness, as can be observed in figure 4.2.1.12a and table 

4.2.1.4.  
Table 4.2.1.4: Surface roughness. 

 
Substrate Uncoated substrate 

roughness* (µm) 

Coated substrate 

Roughness* (µm) 

Ground 0.09 ± 0.01 0.03 ± 0.01 

14HF-Treated 0.37 ± 0.02 0.26 ± 0.09 

HNO3 0.36 ± 0.07 0.28 ± 0.01 

Acetic acid cleaned 2.21 ± 0.23 0.97 ± 0.09 
* The roughness values corresponds to the average surface roughness (Ra) 

 

         
 (a)                                                             (b) 
 

         
 (c)                               (d) 
      
Figure 4.2.1.12: SEM images of samples spin-coated at 1400 rpm using PEI/DMAc (15/85) on substrates treated 

with (a) acetic acid, (b) 14 HF, (c) HNO3 and (d) ground. 
 

These morphologies have direct influence on the protective properties of the coatings, 

as can be seen in figure 4.2.1.13, where the low frequency impedance of HF-treated, acetic 

and nitric acid cleaned samples are shown. Comparing the values in figure 4.2.1.13, of 

coatings prepared using PEI/DMAc (15/85), with figure 4.2.1.6b, it can be observed that the 

acid treated coated samples have a worse performance than the ground ones. In the case of 
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HF-treated substrates, after 96h of exposure time they showed impedance close to that of the 

uncoated one, in the order of 105 Ω cm2, while the ground substrates showed such impedance 

only after 240 h of exposure. For the HF-treated substrates coated using PEI/NMP (15/85), 

the impedance was close to that of the uncoated substrate after 20 h of exposure, and after 48 

h, the impedance was even lower, showing that the substrate started to degrade.  
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Figure 4.2.1.13:  Low frequency (20 mHz) impedance of coated substrates pre-treated with HF and acetic acid 

(AA) at different exposure time to 3.5 wt.-% NaCl solution. 
 

A very similar behaviour is observed for this sample and the one pre-treated with nitric 

acid and coated with a DMAc solution. In this case, the main factor associated to the coating 

performance is not the surface roughness but rather the chemical composition of the interface 

as will be discussed later. The coatings prepared on acetic acid cleaned substrate showed the 

worse corrosion behaviour. Despite the impurities removal [1.33, 1.34] this treatment 

significantly increases the surface roughness which induces defect formation in the coatings.  
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4.2.2 – Dip-coated poly(ether imide)  

4.2.2.1 – Coating characterization 

  It can be observed in figure 4.2.2.1a that the coatings prepared by the dip-coating 

method have a dense morphology. Despite the presence of air humidity, the high temperature 

of the drying step induced a phase inversion process governed by solvent evaporation, 

resulting in a dense non-porous coating morphology. However, close to the substrate edges 

the coatings showed some cracks as presented in figure 4.2.2.1b. These defects are formed 

due to the solution meniscus on the substrate during the coating process that induces lower 

thickness at the substrate borders. The thickness of the prepared coatings is given in table 

4.2.2.1. As expected, there was a thickness variation along the vertical axis of the sheets. As 

soon as the sheets were removed from the solution the gravity forces the solution downwards, 

inducing a higher thickness on the inferior part of the substrate. The coating thickness at the 

superior and inferior parts increased with solution concentration due to viscosity increase 

(tables 4.2.1.1 and 4.2.2.1). A higher viscosity leads to a higher viscous drag which acts in the 

opposite direction of the gravity force and results in lower solution outflow and higher 

thickness. The coatings prepared using 20 wt.-%   solutions presented higher thickness 

variation compared to samples coated with 15 wt.-%  suggesting that the higher the solution 

concentration (viscosity) the higher the coating thickness variation for a specific solvent 

polymer system. These results demonstrate that the coating thickness can be effectively 

controlled by solution concentration and therefore by viscosity 

 

        
(a)                         (b) 

 
Figure 4.2.2.1: (a) Surface of a sample coated with PEI/DMAc (15/85); (b) higher magnification of the border of 

the same coating. 

 

.  
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Table 4.2.2.1 Thickness variation of the coatings prepared by dip-coating. 

            Solution Thickness at superior 

part (μm) 

Thickness at inferior 

part (μm) 

PEI/DMAc (10/90)  approx. 2 4.0 ± 0.5 

PEI/NMP (10/90)   approx. 2 4.1 ± 0.8 

PEI/DMAc (15/85)  4.2 ± 0.9 4.3 ± 0.3 

PEI/NMP (15/85)  3.0 ± 0.3 4.4 ± 0.3 

PEI/DMAc (20/80)  11.4 ± 1.2 18.1 ± 2.0 

PEI/NMP (20/80)  10.4 ± 1.1 15.7 ± 2.2 

 

Table 4.2.2.2 shows that the residual solvent amount was slightly higher in the 

coatings prepared using NMP than in the ones prepared using DMAc for both analyzed 

concentrations. As the difference was lower than 1%, thicker (approx. 160 μm) and free-

standing films were prepared in the same manner by both solutions and the residual solvent 

amount was measured. This was done to confirm that, when films are prepared in the same 

conditions by NMP and DMAc solution, the one prepared by NMP will have higher residual 

solvent amount. Table 4.2.2.2 shows that the residual solvent amount off the film prepared by 

NMP was 1.2% higher compared to the one prepared by DMAc. This is related to the lower 

vapour pressure of NMP and to its stronger interaction with the polymer [4.19]. 

To investigate how the presence of residual solvent influences the polymer physical-

chemical properties, the glass transition temperature (Tg) of the coatings was evaluated by 

differential scanning calorimetry (DSC). The Tg is related to the degree of freedom of the 

polymer chains. Residual solvent can act as plasticizers, which means that it can decrease the 

Tg and promote the diffusion of water and ions through the coating. In a typical DSC analysis 

a first heating is performed until a certain temperature to eliminate all volatile components 

which can interfere in the detection of Tg. This first heating is also used to eliminate the 

thermal history of the polymer, which stands for the fabrication process of the material. After 

that the sample is cooled down until a certain temperature below the Tg (in case of semi-

crystalline polymer care must be taken to perform the cooling run in the same rate (K min-1) 

of the first heating to avoid changes in the crystallinity degree). A third run is then performed 

for the detection of the glass transition temperature and the intrinsic polymer properties. 

In the present case, the residual solvent should not be completely eliminated since that 

its influence on the Tg is the subject of investigation. However, the solvents are eliminated at 

the same temperature range of the polymer Tg and difficult to analyze. To overcome this 
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problem the following strategy was adopted: a first heating run (10 K min-1) was performed 

from room temperature to 250 oC to eliminate excess of solvent. This excess of solvent refers 

to solvent molecules weakly bonded to the polymer. After this process, certain amount of 

solvent still remains on the film due to the strong interaction with the polymer [4.19]. Then, the 

cooling run was performed at the same rate (10 K min-1) and the Tg was obtained from this 

cooling rate. The Tg was not obtained from a second heating run to avoid the complete 

elimination of solvent. The same process was performed with pure PEI for comparison and 

the results are shown in table 4.2.2.2 

It can be observed that the Tg in both films was lower than that of pure PEI confirming 

the presence of residual solvent in the film after the first heating. It can also be observed that 

the Tg of the film prepared using NMP solution was lower compared to the one prepared using 

DMAc solution. This result is in agreement with the higher residual amount of the film 

prepared by NMP (which would produce a higher plasticizing effect) and with the worse 

performance of the coatings prepared with this solution, since that the lower Tg  enhances 

water and ions diffusion.  It is important to mention that residual solvent was observed in the 

coatings even after drying for 24 h in a vacuum oven (10 mbar) at 130 oC indicating strong 

interactions between these polymer/solvent systems. The chemical nature of such interaction 

was investigated by FT-IR spectroscopy. Figure 4.2.2.2 shows the infrared spectra of the 

coatings and of a pure PEI film, The significant influence of the solvents can be observed. In 

the spectrum of pure PEI the asymmetrical stretching  of the carbonyl groups (1725 cm-1) is 

more intense than the symmetrical one (1779 cm-1) while they have similar intensities for both 

PEI-solvent systems, besides the presence of at least two new carbonyl signals.   
 

Table 4.2.2.2: Thermo analyses results.  
 

Sample Residual solvent 

content (%) 

Tg (oC) 

PEI/DMAc (15/85) 5.95 - 

PEI/NMP (15/85) 6.17 - 

PEI/DMAc (20/85) 6.53 - 

PEI/NMP (20/85) 6.96 - 

Film-DMAc 14.11 187 

Film-NMP 15.34 175 

Pure-PEI - 209 
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According to Cheng et al. [4.22] the signal of the carbonyl asymmetrical stretching only 

has higher intensity than the symmetrical one when both imide rings are in the same plane, 

due to an addition of dipole moments. When both imide rings are not in the same plane the 

intensity of the symmetrical and asymmetrical stretching becomes similar. Therefore, it can 

be conclude that the presence of both solvents in PEI coatings induces conformation changes 

in the molecule. The changes in signals between 1200 cm-1 and 1300 cm-1 suggested a 

distortion on the ether linkage angle (Ar-O-Ar), as reported by Kostina et al [4.23]. Based in 

these results, a possible interaction between the polymer and solvents is shown in figure 

4.2.2.2a. The new carbonyl signals in the spectra of PEI-solvent system are related to the 

solvents and the carbonyl interactions shown in Figure 4.2.2.2a. 
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Figure 4.2.2.2: (a) possible interactions between the polymer and the solvents. (b) Infrared spectra of 

PEI coatings prepared using PEI/DMAc (20/80) and PEI/NMP (20/80) and of one PEI film with low residual 

solvent content. 
 

4.2.2.2 – Electrochemical impedance spectroscopy. 

Figure 4.2.2.3 shows the EIS spectra of coatings prepared using 20 wt.-%  solutions, 

the concentration which resulted in the best performance. It can be observed that the solvents 

did not have a considerable effect in the initial impedance, and both coatings showed 

impedance in the order of 109 Ω cm2 in the first hours of exposure to the corrosive solution. 

Using 10 wt.-%  and 15 wt.-%  solutions, the coatings showed good initial impedance (in the 

order of 108 Ω cm2 and 109 Ω cm2, respectively) but after 150 h of exposure these values 

dropped to 106 Ω cm2 and 107 Ω cm2, respectively.  The inferior long term stability for these 

DMAc NMP 
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coatings is related to their lower thickness, as shown in table 4.2.2.1. Despite the similar 

initial impedance of the coatings prepared by DMAc and NMP as solvents, at longer exposure 

times they showed distinct behaviours. The coating prepared using DMAc show very good 

stability, maintaining the initial impedance even after 1000 h of exposure to the corrosive 

solution, while the coating prepared by using NMP showed gradual impedance decrease after 

144 h of exposure reaching 107 Ω cm2 at 336 h. The PEI/DMAc coating showed such 

impedance only after 1992 h. The thickness of the measured area was the same for both 

coatings, approx. 13 µm. 
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Figure 4.2.2.3: Long term analyses of ground substrates dip-coated using: (a) PEI/DMAc (20/80), (b) 

PEI/NMP (20/80) at different exposure time to a 3.5 wt.-% NaCl solution. 

 

This difference is related to residual solvent contents in the coatings and to its 

influence on the polymer Tg, as previously described. Figure 4.2.2.4 shows that the 

capacitance of the NMP coatings increases faster than that of DMAc one, indicating a faster 

water uptake rate. This coating capacitance reaches a maximum at 0.34 nF.cm-2 and then 

decreases to 0.24 nF.cm-2 at longer times. This decrease is probably related to solvent been 

washed out from the coating. It is interesting to observe that the DMAc coatings also show a 

capacitance decrease, but in the first hours of exposure. This is in agreement with the 

hypothesis of solvent been washed out, since that NMP has stronger interaction with PEI than 

DMAc [4.19] and would be removed at longer exposure times. Further, DMAc has higher 

miscibility with water than NMP, which induces a faster removal [4.24]. Besides that, both 

solvents have considerably high dielectric constants (38 for DMAc and 32 for NMP [4.8]) with 

significant contribution for the film capacitance. This would produce a detectable capacitance 

decrease in case of removal.  
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Therefore, besides the initial lower residual solvent amount in the DMAc coatings, a 

part of the DMAc is washed out in the first hours of exposure. This process decreases the 

plasticization of the film and the diffusion of water towards the substrate. For the NMP 

coatings the solvent is only removed when the electrolytes had already reached the interface 

and corroded the substrate. Based on these results, it can be concluded that the best 

performance of the coatings prepared using DMAc is related to the lower amount of residual 

solvent, that results in a lower plasticizing effect of the polymer and lower diffusion rate of 

water. It is important to remark that, despite the presence of residual solvent, the EIS 

behaviour of theses samples could be simulated using the traditional circuits. A detailed 

discussion about this will be given in the chapter 5. 
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Figure 4.2.2.4: Coatings capacitance changes with exposure time. 

 

4.2.2.3 – Influence of substrate pre-treatment 

  In section 4.2.1.3, it was shown that the corrosion protection of PEI coatings prepared 

by the spin-coating method was extremely dependent on the substrate pre-treatment due to 

roughness effect, which interfered in the formation of a defect free coating. The effect of 

substrate surface roughness on the morphology of thicker coatings will be discussed in the 

following. Figure 4.2.2.5 shows the impedance at low frequencies of as-received and acetic 

acid treated substrates coated with PEI using DMAc solutions in different concentrations, 

which result in different coating thicknesses. It can be observed that the initial impedance as 

well as the long term stability of the coating increases with the coating thickness. For as-

received substrates with 5 µm of coating thickness the initial impedance was only in the order 

of 104 Ω cm2 and after 24 h of exposure the value decreased to the same range of the uncoated 
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sheet. With a coating thickness of 8 µm the initial impedance was in the order of 108 Ω cm2, 

just one order of magnitude lower than that of ground substrates with same thickness, but still 

showed unsatisfying long term stability reaching impedances in the order of 105 Ω cm2 after 

only 48 h of exposure to the corrosive solution. At a thickness of 13 µm the initial impedance 

was also in the order of 108 Ω cm2 but the long term stability was better, with slightly 

impedance decrease 72 h of immersion.  
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Figure 4.2.2.5: Variation of the impedance at low frequency (20 mHz) as a function of exposure time, for coated 

samples with different coating thickness, prepared with DMAc solutions. In the figure, AR means as-received 

and AA acetic acid treated substrates. 
 
 

The low impedance of as-received coated substrates, especially with coating thicknesses 

lower than 13 µm, is related to irregularities in the coatings formed by substrate roughness, 

and to impurities on the substrate surface. Figure 4.2.2.6a show a SEM image of an as-

received coated substrate (thickness 8 µm) where roughness induced irregularities can be 

observed, which decrease the protectiveness of the coating.  However, by increasing coating 

thickness, these irregularities are covered and the impedance values increase too. 

Nevertheless, the presence of impurities on the surface of as-received substrates results in 

insufficient long term stability and after 72 h of exposure the coatings were considerably 

degraded.  
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 (a)    (b) 

                    
 (c) (d) 
 

Figure 4.2.2.6: SEM images of the surface of coatings with thickness of ca. 8µm prepared on different 

substrates: (a) as-received AZ31, (b) acetic acid treated AZ31, (c) HNO3 treated AZ31 and (d) HF-treated AZ31. 

 

For acetic acid treated substrates, which have a roughness of 2.21 µm, even with a 

coating thickness of 13 µm the corrosion protection considerably decreased after 24 h of 

exposure to the corrosive solution, as shown in figure 4.2.2.5. The coating surface was very 

irregular as shown in figure 4.2.2.6b depending on the substrate surface roughness. This result 

shows that the acetic acid cleaning is not an appropriated pre-treatment for magnesium AZ31 

alloy for a coating thickness of about 13 µm or less. The performance of the acetic acid 

treated samples was even worse than that of the as-received substrates with same coating 

thickness, showing the relevance of the substrate surface roughness. Acids that remove 

impurities and do not increase too much the surface roughness are the most appropriate ones 

to be used for a pre-treatment. 
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Figure 4.2.2.7: (a) Impedance spectra of a HNO3-treated substrate dip-coated using PEI/DMAc (20/80) at 

different time of exposure to the corrosive solution.  (b) Impedance spectra of a HF-treated substrate dip-coated 

using PEI/DMAc (20/80) at different time of exposure to the corrosive solution. 
 

Following these conclusions, figure 4.2.2.7 shows the impedance spectra of coated 

samples pre-treated with the most appropriate acids: HF and HNO3. Figure 4.2.2.7a shows the 

performance of coated HNO3 cleaned substrate, which shows impedances in the order of 108 

Ω cm2 even after 168 h of exposure to the corrosive solution. As expected, the increased 

performance is associated to a smoother coating surface, as observed in figure 4.2.2.6c as well 

as to the purity of the substrate. Comparing with the performance of the ground substrate the 
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performance of this sample has decreased. Besides the effect of coating irregularities, the 

osmotic pressure plays a significant role. Osmosis becomes an important process in the 

performance of the coatings when soluble salts are present at the interface [1.95]. As shown in 

figure 3.1.2.2 the cleaning with HNO3 induces the formation of nitrates at the substrate 

surface, which are soluble in water [1.34]. The presence of nitrates at the interface of the coated 

substrate produces an osmotic pressure towards the substrate, which results in swelling of the 

polymer, and consequently, decreases the barrier property of the coating. 

 The performance of the coated HF-treated substrate is much superior to all other 

substrates pre-treatments (figure 4.2.2.7b). It can be observed that this samples have a similar 

behaviour to those of ground substrates (figure 4.2.2.3a), maintaining the initial impedance in 

the order of 109 Ωcm2 even after 1000 h of exposure to the corrosive solution. However, these 

samples show outstanding long term stability, with impedances in the order of 107 Ω cm2 even 

after 3312 h of exposure. This high long term stability is associated to an acid-base interaction 

between the polymer and the metal surface, as could be observed by XPS spectra (figure 

4.2.2.8). As reported in chapter 3.1, the HF-treated substrate consists of a mixture of MgF2, 

Mg(OH)2, MgO and possibly Mg(OH)2-xFx on the surface. As these compounds have acid and 

basic sites, it is expected that they will interact with polar groups in the polymer (e.g. the 

imide ring). 

Figure 4.2.2.8 shows that the binding energy (BE) of the electrons of the Mg 2p orbital 

is considerably shifted to higher values on the PEI coated HF-treated substrate compared to 

the uncoated one. This shift was accompanied by a positive shift in the BE of 1s electrons of 

fluoride (from 684 eV to 687 eV) and oxygen (from 530 eV to 533 eV). This positive shift 

indicates that the substrate is acting as a base and the polymer as an acid. This observation is 

in accordance with studies in the literature which show that MgO and Mg(OH)2-xFx have basic 

character, and can even be used as basic catalysts in organic reactions [4.13]. One could expect 

that the substrate would act as an acid and the polymer as a base, due to the possible 

interaction between the oxygen of the imide group and the magnesium atom. However, the 

electronic density of the fluoride and oxygen atoms at the substrate probably inhibits this 

interaction and the basic character prevails.  
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Figure 4.2.2.8: (a) XPS spectra of Mg 2p electrons of the interface of a HF-treated substrate and the substrate 

coated with PEI-NMP (b) XPS spectra of C 1s electrons of the interface of a coated HF-treated substrate. 

 

The acid site in the polymer structure is not clear due to the complexity in attributing 

the signals shown in figure 4.2.2.8b to all carbons (including from the residual solvent) shown 

in figure 4.2.2.2a. To clarify the interfacial interaction in absence of residual solvent, coatings 

were prepared using CH2Cl2 solutions, a solvent that would be almost completely removed by 

drying at 115 oC. In this case, a positive shift of 1.03 eV was observed for the carbonyl carbon 

as well as a positive shift in the nitrogen. This suggests the formation of the positively 

charged nitrogen (see figure 4.2.2.2), since the carbonyl group would be positively shifted in 

relation to the uncharged structure. In this structure, the positively charged nitrogen is 

possibly the acid site. In case of NMP based coatings a negative shift of 1.04 eV was observed 

in the carbonyl signal (which can be related either to the imide ring or to the solvent) and no 

significant shift for the nitrogen BE could be observed. This suggests that the carbonyl carbon 

of the uncharged structure is the acid site. In case of DMAc based coatings, small positive 

shifts in the carbonyl carbon (around 0.2 eV) were observed. Thus it can be concluded that the 

acid site can be either the positively charged nitrogen or the carbonyl carbons depending on 

the influence of the residual solvent.  

Figure 4.2.2.9 shows that the capacitance of the PEI-DMAc coating on HF-treated 

substrate is much higher than on ground ones (figure 4.2.2.4). This indicates higher amount of 

residual solvent, suggesting that the HF-treated surface interacts with the solvent. Part of the 

solvent is washed out in the first 500 h of exposure, however, the capacitance maintains a 

high value (0.58 nF.cm2) compared to the ground substrate (0.25 nF cm2). After this initial 
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decrease, the capacitance increases constantly, reaching 2.2 nF cm2 after 3312 h of exposure. 

This results show that the barrier properties of the coatings are better on the ground than in the 

HF-treated substrates. Thus, the high stability of the HF-treated coated systems is entirely 

related to the interface interaction between substrates and polymer-solvent systems. 
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Figure 4.2.2.9: Capacitance change of PERI coating on HF-treated substrate at different exposure time to 3.5 wt.-

% NaCl. 
 

It was shown in section 4.2.1.3 that the performance of spin-coatings (2.5 µm of 

thickness) on HF-treated substrates was inferior to that on ground substrates. This shows that, 

despite the positive interactions at the interface, the coatings should not be too thin to avoid 

defect formation by the substrate surface roughness. The performance of the HF-treated 

substrate starts to be superior to that of the ground substrate when the coating thickness is 

approx. 8 µm. These results suggested that, for an HF-treated magnesium sheet, a polymeric 

coating must have a minimum thickness of 8 µm to provide good corrosion protection.   

 Figure 4.2.2.10 shows the aspect of coated samples after immersion to 3.5 wt.-% NaCl 

solution. In figures 4.2.2.10a and 4.2.2.10b it can be observed that the corrosion of as-

received coated substrates starts in specific points on the surface while for ground coated 

substrates it starts mainly close to the sample edges and spreads over the sample from that. 

This different corrosion spots on the surface of as-received coated substrates are related to the 

impurities and coating defects, as shown in figure 4.2.2.6a. In the case of ground substrates, 

the corrosion starts mainly close to the substrate borders due to the lower thickness at this part 

and due to the presence of some defects at these areas, (figure 4.2.2.1b) as discussed on 

section 4.2.2.1.  
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 (a) (b) 

                 

                                      
(c) (d) 

                                     
Figure 4.2.2.10: Appearance of the samples coated with PEI/DMAc (20/80) after immersion in 3.5 wt.-% NaCl: 

(a) as-received substrates after 48h of immersion (b) ground substrates after 48h of immersion (c) HNO3 treated 

substrate after 5 days of immersion (d) HF-treated substrates after 7 days of immersion. 
 

After water and ions reaches the polymer/metal interface by this coatings defects at the 

borders, the coating adhesion decreases and the electrolytes are able to spread along the 

polymer/metal interface. In some cases, considerable delamination occurs and the corrosion 

spread easily on the entire sample surface. 

It is important to remark that the behaviour in immersion tests of ground substrates 

coated with PEI/DMAc (20/80) was inferior to those coated with PEI/DMAc (15/85). This 

shows that, despite the thickness increase, the formation of edges defects could not be 

avoided, and in fact, could increase due to some stress formation during drying of highly 

concentrated polymer solutions. This result is very important as it shows that the 

electrochemical performance of PEI coatings extends by increasing thickness, but the 

performance in immersion tests can decrease with thickness. Therefore, an appropriated 

coating thickness must be selected depending on the final application of the coated material. 

For HF-treated substrates similar results in immersion tests were obtained with coatings 
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prepared using 15% and 20 wt.-% solutions. The coated sample showed excellent long term 

stability in immersion tests and even after 7 days of immersion only a small quantity of 

corrosion products could be observed on the edges, (figure 4.2.2.10d). This result 

demonstrates that even in the presence of defects on the coating edges, the interfacial 

interaction is strong enough to protect the residual metal. 

 Aiming to get more information on this interfacial stability, the dry and wet adhesion 

of the coatings prepared over HF-treated and ground substrates were determined and the 

results are given in table 4.2.2.3. It can be observed that the dry adhesion is similar for both 

polymer-solvent systems and substrates with an average value of 5.5 MPa. However, this 

value considerably decreases after 12 h of exposure to distillate water, showing the high 

influence of water in the interfacial stability of these coatings. Similar adhesion values were 

obtained for all the other substrates. For the DMAc coatings, there was no difference in the 

wet adhesion for the coatings on ground and HF-treated substrates, while the NMP coatings 

on HF-treated substrate showed higher adhesion than for the ground ones.  

This similar wet adhesion for DMAc coatings on both substrates is surprising, since 

the HF-treated coated substrate showed much better stability than the ground one. It is 

possible that the pull-off adhesion test is not sensitive enough to detect a difference in 

adhesion for these two systems. In case of NMP coatings, the observation of higher wet 

adhesion for the HF-treated substrate indicates strong interactions, which probably are related 

to the stronger interaction in the PEI-NMP system than in the PEI-DMAc one. Nevertheless, 

despite this higher interfacial stability, PEI/NMP coatings on HF-treated substrate had less 

performance in EIS behaviour than the PEI/DMAc ones due to their high amount of residual 

solvent. 
 

Table 4.2.2.3: Results of the adhesion tests. 
 

Coating Process Dry adhesion (MPa) Wet Adhesion (MPa) 

PEI/DMAc (15/85) ground 5.38 ± 0.91 1.79 ± 0.31 

PEI/NMP (15/85) ground 5.41 ± 0.57 1.39 ± 0.42 

PEI/DMAc (15/85) HF 4.63 ± 1.50  1.62 ± 0.30 

PEI/NMP (15/85) HF 6.12 ± 0.180 2.58 ± 0.28 

 

The different interfacial stability of DMAc and NMP coatings on HF-treated 

substrates suggests that the solvents participate in the interfacial process. The presence of 

residual NMP enhances the interfacial interaction with the substrate, possibly by providing 
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another acid site which could be the carbonyl carbon of the solvent, as suggested by the XPS 

analysis. This possible interaction between NMP and the HF-treated substrate results in high 

amounts of residual solvent and induces higher water and ion diffusion rates. NMP apparently 

provides a more stable interface for the PEI/HF-treated systems while DMAc provides lower 

diffusion coefficient of water. 

Another remarkable observation which can be made by comparing the results of 

impedance and immersion corrosion tests is the different performance of ground and nitric 

acid cleaned coated samples. The performance of ground substrates was much superior to that 

of nitric acid cleaned ones in EIS tests, but inferior in immersion tests, as can be seen in figure 

4.2.2.10b and c. This result is probably related to the presence of impurities in the edges of 

ground samples. In case of nitric acid cleaning the entire sample is cleaned, while the grinding 

cleans only the surface. The presence of impurities in the edges of the ground substrates 

enhanced the coating delamination and decreased its protectiveness. This result demonstrates 

clearly the role of impurities in the coating deterioration rate. 
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4.2.3 – Spin-coated PVDF 

 The morphology of PVDF coatings prepared by spin-coating under nitrogen 

atmosphere is shown in figure 4.2.3.1 It can be observed that, even in an environment with 

low air humidity, the coating surface is completely porous. This result is associated to the 

high hydrophobicity of this polymer which precipitates even in the presence of low relative 

humidity. A similar coating morphology was obtained by all the tested solutions and after 

different times of flushing the chamber with nitrogen. As expected this porous morphology 

resulted in insufficient corrosion protection properties and for that reason the study of PVDF 

coatings was focused in the dip-coating method. 

 

 
 

Figure 4.2.3.1 SEM image of a PVDF coating prepared from a PVDF/DMF (15/85) solution by spin-coating 

under N2 atmosphere. 
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4.2.4 – Dip-coated PVDF 
4.2.4.1 – Coating characterization 

 PVDF is a semi-crystalline polymer that can crystallize in different phases, which are 

α, β and γ [4.25, 4.26]. These different phases have different properties, as the piezoelectric 

behaviour present in the β phase [4.26] and distinct melting points [4.27]. The melting point and 

degree of crystallinity of the coatings were measured by DSC analyses using a standard 

heating, cooling and heating method, all at the same rate of 10 K min-1. The maximum 

temperature for the heating was 250 oC. The melting temperature was determined by the 

maximum point of the endothermic peak of the second heating curve. The effect of different 

solutions on the crystallinity will be discussed in the following chapter and only the specific 

case of coatings prepared using DMAc solutions will be discussed here as this is 

representative for all systems. 

The crystallinity of this coating was 73% and the melting temperature was 167 oC. 

This melting temperature is very similar to that of the α phase (170 oC) [4.27] indicating that 

this is the major crystalline phase in the coating. The presence of other phases could be 

confirmed by infrared spectroscopy, as shown in figure 4.2.4.1. Besides the typical signals of 

the α phase, signals related to the β and γ (in small quantities) can also be detected [4.26]. It is 

important to observe the presence of head-to-head and tail-to-tail defects which were 

confirmed by the signals at 678, 1330 and 1450 cm-1 [4.25]. The intensity of these signals is 

high in comparison to those in reports of other groups, indicating a considerable amount of 

these defects [4.28, 4.29]. This is an important character of PVDF films since it has direct 

influence in the quantity of acidic hydrogen in the polymer back-bone, due to the higher 

acidity of the hydrogen in the head-to-tail than in the head-to-head configuration. 
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Figure 4.2.4.1: Infrared spectrum of the coating. In the figure, HH-TT means head-to-head and tail-to-tail 

linkages. 
 

The morphology of the coating prepared using PVDF/DMAc (15/85) solutions is 

extremely influenced by the drying temperature, as can be observed in figure 4.2.4.2. When 

the drying temperature is lower than 150 oC there is a considerable influence of the 

environmental humidity on the polymer morphology and the coating is extremely porous 

(figure 4.2.4.2a). This is due to a higher rate of polymer precipitation than of solvent 

evaporation at this temperature. This porous morphology  is not only present at the surface but 

rather at the entire volume of the coating (figure 4.2.4.2b). It forms channels linking the 

coating surface to the substrate. A similar morphology was observed for drying temperatures 

of 100, 115 and 135 oC. When the coatings were dried at 150 °C a much denser and 

homogeneous surface was obtained (figure 4.2.4.2c) with only a few pinholes with diameters 

ranging from 2 to 5 µm. These pinholes are located at boundaries of the “hills” of the “hills- 

like” structure of this polymer coating [4.25]. Their distribution at the coating surface was not 

homogeneous, with considerable areas of the coating without any defect. Figure 4.2.4.2d 

shows the dense morphology of this coating cross-section. The coating thickness is of approx. 

15 µm.  

At temperatures higher than the polymer melting point the amount of pinholes in the 

coating surface increased (figure 4.2.4.2e) suggesting an increase in the crystallinity resulted 

from the melting-crystallization process. In fact, the size of these pinholes decreases (figure 

4.2.4.2e) but its number increases resulting in a high defective coating. Besides that, a 

decrease in adhesion was observed at drying temperatures higher than 150 °C, which is 
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probably related to a very fast solvent evaporation which prevented good interaction between 

polymer and substrate. For these reasons the optimal drying temperature was determined as 

150 oC, lower than the onset temperature of the melting point (159 oC), to avoid the increase 

in defects, and high enough to avoid humidity influence. 

                                
(a) (b) 
                                                        

          
        (c)                                                    (d) 

 

           
 (e) (f) 
Figure 4.2.4.2: (a) and (b) SEM image of the surface and of the cross-section of a PVDF/DMAc coating dried at 

100 oC. (c) and (d) SEM image of the surface and the cross-section of a PVDF/DMAc coating dried at 150 oC. 

(e) SEM image of the surface of a PVDF/DMAc coating dried at 180 oC (f) SEM image of the surface of a 

PVDF/NMP coating dried at 150 oC. 

 

Similarly to PEI coatings, the type of solvent did not have considerable influence on 

the coating morphology, as can be observed by comparing figure 4.2.4.2c and 4.2.4.2f. In case 

of PVDF coatings even the thickness variation is not affected by the solvent type (table 

4.2.4.1). This is an unexpected result due to the difference in viscosity of the solutions with 

same concentration (table 4.2.4.2). Besides these similarities in morphology and thickness, all 

of the prepared coatings showed no residual solvent, as observed in TGA analyses (table 
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4.2.4.1). Due to these and other similarities (see chapter 4.2.4.2) further characterizations 

were focused on coatings prepared by DMAc solutions. These results are representative for all 

coatings with other solvents. 
 

Table 4.2.4.1: Thickness variation of the coatings prepared by dip-coating and residual solvent amount. 

 

Solution 

Thickness 

superior part 

Thickness 

inferior part 

Residual solvent* 

(%) 

PVDF/DMAc (15/85) 5.73 ± 0.46 8.40 ± 0.36 0 

PVDF/DMAc (20/80) 11.40 ± 0.73 16.24 ± 0.44 0 

PVDF/DMF (15/85) 5.78 ± 0.28 8.03 ± 0.69 0 

PVDF/DMF (20/80) 11.57 ± 0.70 15.8 ± 0.56 0 

PVDF/NMP (15/85) 6.33 ± 0.45 9.03 ± 0.35 0 

PVDF/NMP (20/80) 11.60 ± 0.82 17.00 ± 0.53 0 
* determined by TGA analyses 

 For all substrates the adhesion of the coatings was very low except those which were 

treated with HF. Therefore the measurement of the impedances was difficult. As in the 

impedance tests the sample is fixed on the cell by a screw (see figure 3.3a), even after total 

adhesion loss the system still showed good impedance, since the coating was fixed on the 

substrate by the pressure of the screw. The results obtained in this manner are unrealistic. Due 

to good adhesion the only realistic results could be obtained from the coated HF-treated 

substrate, and therefore only these samples will be discussed. The reasons for the good 

adhesion of this system are explained in  details in section 4.2.4.3. 
 

Table 4.2.4.2: Solutions viscosities. 

Solution Concentration (%) Viscosity (Pa s) 
15 0.406  

PVDF/DMAc 20 1.483 
15 0.158  

PVDF/DMF 20 - 
15 0.951  

PVDF/NMP 20 3.291 
 

4.2.4.2 – Electrochemical impedance spectroscopy 

The EIS spectra of the coated HF-treated substrate at different exposure times to 3.5 

wt.-% NaCl solution is shown in figure 4.2.4.3a. The EIS behaviour of this sample was fitted 

using the tradition electronic circuits (figure 1.11) to follow variations in the coating 

resistance and capacitance. In figures 4.2.4.3a and b it can be observed that, in the first 120 h 
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of exposure the impedance spectra follow a common behaviour, showing a decrease in 

coating resistance with treatment time. After 6 h of exposure the spectra show two 

capacitances, indicating the concentration of water at the interface. Despite this expected 

initial resistance decreases, the coating resistance slightly increases after 120 h and  reaches a 

steady state for the next 2200 h. A similar behaviour is observed for the charge transfer 

resistance, as shown in figure 4.2.4.3b. The inset in figure 4.2.4.3a clearly shows the 

impedance increase that took place after 120 h of exposure.  
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Figure 4.2.4.3: (a) Impedance spectra of PVDF coating on HF-treated substrates. (b) Variation of coating 

and charge transfer resistance with treatment time. 
 

A similar trend is observed for variations of coating and double layer capacitance, as 

shown in figure 4.2.4.4. As PVDF is a highly hydrophobic polymer a very low capacitance 

increase or even a constant value for a certain time was expected. The coating capacitance 

maintains a nearly constant value after 400 h of exposure but a capacitance decrease is 
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observed in the first hours of immersion. Such capacitance decrease cannot be attributed to 

solvent removal (as in the case of PEI coatings) due to the lack of residual solvent. It is 

possible that this capacitance decrease is related to a fill up of pinholes in the coating surface 

by electrolytes or by corrosion products, which would increase the barrier properties of the 

film. After the “sealing” of these pinholes, a water back diffusion process could be 

responsible for the decrease of the coating dielectric constant, and consequently, for the 

capacitance decrease. Figure 4.2.4.5 shows a SEM image of a coating before and after 

exposure to the corrosive solution, which demonstrates the deposition of salts or corrosion 

products in the film surface filling up the pinholes. As soon as all the pinholes in the exposed 

film are sealed  the film capacitance tends to increase very slowly. 

 Figure 4.2.4.4 shows that the double layer capacitance suffers an intense increase in 

the first 100 h of exposure and reaches a steady state during the whole exposure time. This 

initial fast capacitance increase suggests a fast approach and concentration of water at the 

interface, which probably took place through defects in the coating. Considering this process, 

the beginning of the steady state represents the point when the majority of the pinholes are 

filled, maintaining the amount of water at the interface nearly constant. Comparing figure 

4.2.4.3 with figure 4.2.4.4 it can be observed that all this parameters reach a steady state at 

nearly the same time. This suggests the occurrence of certain interfacial processes between 

polymer and substrate that stabilizes the interface and brings the system to equilibrium. This 

interfacial process will be discussed in details in chapter 5.3. 
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Figure 4.2.4.4: Variations of coating and double layer capacitance with exposure time to the corrosive solution. 
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Figure 4.2.4.5: SEM images of a PVDF coating before and after exposure to the corrosive solution. 
 

Comparing figure 4.2.4.4 with figure 4.2.2.4 it can be observed that the capacitance of 

PVDF coatings is one order of magnitude higher than that of PEI coatings. This might be 

related to the presence of pinholes and also to the piezoelectric properties of the crystalline β-

phase. As described in the literature [4.30], PVDF has an electric dipole moment due to the 

strong electronegativity of the fluorine atom. When the polymer chains are packed in a 

crystalline structure in which the dipoles are parallel the cell unit has a net dipole moment. 

This net moment is strong in the β-phase and inexistent in the α-phase due to its non-parallel 

arrangement. As shown in section 4.2.4.1 the β-phase is also present in the coating. 

 Despite this higher capacitance the performance of PVDF coatings was as good as the 

performance of PEI coatings on HF-treated substrate. The sample maintained high 

impedances even after 2200 h of exposure to the corrosive solution At this time the 

experiment was stopped. The sample surface still looked very well indicating that such 

resistance could have been maintained for a longer time. The performance of the coatings on 

other substrates and a clear description of the interfacial interaction that renders this superior 

performance of PVDF coatings on HF-treated substrate will be demonstrated below 
 

4.2.4.3 – Influence of substrate pre-treatment 

As previously discussed, the adhesion of the coatings on some substrates was weak 

and made their analyses by impedance measurements difficult. The effect of substrate pre-

treatment on the coating performance could be investigated by immersion tests. In figure 

4.2.4.6 the aspect of the coatings in different substrates after immersion tests is shown. It was 

found that the ground, acetic acid cleaned and as-received substrate showed considerable 

degradation after 24 h of exposure to the corrosive solution. This is mainly related to the loss 

of adhesion during immersion. For the ground substrates the dry adhesion is only 0.40 MPa 

(table 4.2.4.3), a very low value compared to PEI coatings (table 4.2.2.3). With this low 

adhesion, as soon as water reaches the interface through coating defects the coating is 
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detached from the substrate. Coating delamination was observed for this system after a few 

minutes of immersion. It is important to mention that the different substrate pre-treatment 

methods did not produced differences in the coating morphology as they do in case of PEI 

coatings. The morphology of the PVDF coatings was the same as the ones observed in figure 

4.2.4.2 for all substrates. 
 

               
 (a) (b) 
 

 

 
 (c)  

 
 

Figure 4.2.4.6: (a) From the left to the right a ground, an acetic acid treated and an as-received substrate coated 

with PVDF after 24 h of immersion. (b)A HNO3 treated sample after 5 days of immersion (c) A HF-treated 

substrate after two weeks of immersion. All tests were performed in a 3.5 wt.-% NaCl solution. 

 
 

Table 4.2.4.3 Results of adhesion tests. 
 

Substrate Adhesion (MPa) 
Ground 0.40 ± 0.03 

As-received 1.37 ± 0.30 
HNO3 0.83 ± 0.35 

HF-treated 2.22 ± 1.01 
Acetic acid cleaned 0.53 ± 0.11 

 



 94

The samples cleaned by acetic acid showed similar behaviour in immersion and in  

adhesion tests. The as-received substrate, despite the presence of impurities in the surface 

showed a slightly better performance than the ground and acetic acid treated ones. This can be 

related to an interaction between the basic magnesium oxide layer (MgO) and the methylene 

hydrogen of the polymer backbone. The better performance was accompanied by a better 

adhesion (1.37 MPa) that also suggests an interfacial interaction. It is important to notice that 

the substrate roughness has no considerable influence in the adhesion of these 

substrate/coating systems since that the ground and acetic acid cleaned substrate have 

different surface roughness but similar adhesion and corrosion behaviour.  

Good performance was obtained by the HNO3 treated substrate in the same way as for 

PEI coatings (figure 4.2.4.6b). Corrosion products could only be observed at the surface of 

this sample after 3 days of immersion. In this case, the adhesion strength is not the most 

relevant parameter as its value is between those of the ground and as-received substrate. A 

combination of good adhesion (compared to the acetic acid cleaned and ground substrates) 

and lower impurity concentration at the metal surface plays the most significant role for 

sample stability.  

 As expected, the best performance was obtained for the HF-treated substrate (figure 

4.2.4.6c). Even after two weeks of immersion this sample showed corrosion products only at 

the edges and on the superior part, where the coating is slightly thinner. The surface of the 

substrate was completely free from corrosion attack. The interface of this sample was 

investigated by XPS spectroscopy and it was observed that the BE of the Mg 2p electrons is 

shifted to higher values compared to the uncoated substrate (figure 4.2.4.7). This shift 

indicates that the substrate is acting as a base. 
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Figure 4.2.4.7: XPS spectra of coated and uncoated HF-treated substrate. 
 

 The XPS results show that the acid-base interaction observed for PEI coatings is not a 

specific characteristic of that system, but rather a common interfacial interaction between the 

substrate surface and a polymer with acidic groups. Figure 4.2.4.8 presents an model of 

interaction at the interface between the hydroxides in the metal and the hydrogen of the 

polymer. This interaction results in a higher adhesion (table 4.2.4.3) but a higher standard 

deviation is observed for this sample too. This suggests a non-uniform distribution of the 

basic sites on the substrate surface as described by Wojciechowska [4.31]. It is important to 

mention that this interfacial interaction will be stronger at a minimum number of head-to-head 

and tail-to-tail defects because the acidity of the head-to-tail methylene hydrogen is much 

stronger. Therefore, the adhesion and interfacial stability of this system will be probably 

higher at a lower number of these defects. 

This interfacial interaction is the reason why PVDF coatings perform much better on 

HF-treated substrate. It renders good adherence for the coating that inhibits the concentration 

of water at the interface and a high Mg(OH)2 formation rate. The performance of PVDF 

coatings on HF-treated substrates in immersion tests was even superior to that of PEI 

coatings. The aspect of PEI coatings after two weeks of immersion was still good but not as 

excellent as the one shown in figure 4.2.4.6. However, the performance of PEI coatings was 

inferior to PVDF in other substrates.  
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Figure 4.2.4.8: Schematic representation of the interface interaction between PVDF and the HF-treated 
substrate. 
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4.2.5 – Spin-coating of polyacrylonitrile 

4.2.5.1 – Coating characterization. 

 Polyacrylonitrile (PAN) is a well known polymer which has been extensively studied 

in the fields of ultra filtration membranes, textile and carbon fibers [1.88, 1.89]. As a membrane 

material PAN received considerable interest in the biomedical field due to the easiness in 

chemical modifying its surface to render good adhesion of biological substances [1.89, 4.32, 4.33]. 

This easiness in surface modification is related to the presence of the nitrile group in the 

polymer structure which can easily be hydroxylized in the presence of strong bases. The 

product of this reaction is usually a salt but acids can also be formed depending on the 

reaction conditions. Figure 4.2.5.1 shows a general scheme of the chemical modification of 

PAN on basic environments [1.88, 4.32]. Such modifications enhance the grafting and adhesion of 

organic molecules as glucose and the immobilization of enzymes, which are very interesting 

aspects for the preparation of biocompatible implants. 
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Figure 4.2.5.1: General scheme of the chemical modification of PAN in a basic environment. 

 

 For the production of carbon fibers, PAN received attention due to its interesting 

properties as a precursor [4.34, 4.36]. The process of producing carbon fibers from PAN usually 

consists in preparing a PAN fiber by the electro-spinning method and then annealing it in an 

oven at high temperatures [4.36]. During the thermal degradation of PAN the polymer 

undergoes cyclization and elimination of ammonia and hydrogen cyanide (in absence of 

oxygen), resulting in fibers with very good mechanical properties. Besides that, PAN fibers 

prepared by electro-spinning are also applied in textile industries [4.36]. 
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PAN is a semi-crystalline polymer. Its degree of crystallinity is difficult to determine 

by thermal methods since its degradation temperature is around 300 oC while its theoretical 

melting point is at 314 oC [4.35, 4.37]. In the present work, thermo gravimetric analyses 

confirmed the literature values showing degradation temperature of 280 o C, which is related 

to the cyclising process described above. The only thermal process that could be observed 

before was the glass transition which takes place at 97 oC. As in this work the study on PAN 

coatings was aimed to biomedical applications (more specifically, to orthopaedic implants) 

the spin-coating process is not a suitable method because it does not coat the sample edges 

and it is restricted to flat substrates. As the entire sample will get in contact with a biological 

environment a coating method which coats the whole of the sample (as the dip-coating 

process) is necessary. Nevertheless a brief description on the performance of PAN coatings 

prepared by the spin-coating process will be provided to serve as a reference to future studies. 

The solvent N, N'-dimethyl formamide (DMF) is by far and away the most used 

solvent for the preparation of PAN membranes and fibers [4.38-4.40]. The properties of PAN 

membranes and fibers prepared by DMF solution is usually superior compared to the same 

material prepared by other solvent [4.38]. Such behaviour was also observed in preliminary 

tests of the present study. Based on these facts, DMF was selected as solvent to prepare PAN 

coatings.  The reasons for the superior properties of PAN when prepared by DMF solutions 

will be discussed in chapter 5.4. For sake of comparison, the coating was prepared at the same 

spinning speed (1400 rpm) and with the same thickness as spin-coated PEI (2.5 µm). This 

thickness could be achieved using an 8 wt.-%  solution.  

The morphology of PAN coatings prepared by spin-coating was very similar to that of 

PEI coatings. Figure 4.2.5.2 shows a dense morphology which is obtained when the coating is 

prepared under dry N2 atmosphere while a porous morphology is obtained at room atmosphere 

due to the presence of humidity. In comparison to PEI coatings, the pore size is much smaller 

for PAN (approx. 0.5 μm). This is due to the lower hydrophobic character of PAN in 

comparison to PEI. The protective properties of the coating prepared under room atmosphere 

were poor, and therefore further analyses were performed only for coatings prepared under N2 

atmosphere.  
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 (a) (b) 

Figure 4.2.5.2: SEM image of coating prepared using PAN/DMF (8/92) under (a) N2 and (b) room atmosphere. 

 

4.2.5.2 – Electrochemical impedance spectroscopy 

Figure 4.2.5.3 show the impedance spectra of PAN coatings prepared under nitrogen 

atmosphere, before and after drying in a vacuum oven at 115 oC. It can be observed that, as 

expected, the post-dried coating showed a superior performance due to the decrease in 

residual solvent content. The just spin-coated sample showed very low impedance after less 

than 48 h while the post-dried coating maintained good impedance during only 4 days. 

Comparing to figure 4.2.1.6b it can be observed that the performance of PAN coatings is 

much inferior to that of PEI prepared in the same manner. This is related to a high amount of 

residual solvent (the just spin-coated PAN had a residual solvent amount of 7.3% and the 

post-dried of 5.7%). A better understanding of the differences between PAN and PEI spin-

coated samples can be obtained by comparing the values of the fitting results shown in tables 

4.2.1.2 and 4.2.5.1. 
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Figure 4.2.5.3: (a) EIS spectra of an just spin-coated ground substrate at different exposure times to a 3.5 wt.-% 

NaCl solution. (b) EIS spectra of a post-dried spin-coated ground substrate at different exposure times to a 3.5 

wt.-% NaCl solution. 

 

Despite the presence of residual solvent the EIS spectra of PAN coatings could be 

satisfactory fitted using the tradition circuits, indicating the lack of specific solvent-rich and 

solvent-poor domains. It can be observed that the values of coatings resistance and 

capacitance of the just spin-coated and post-dried coatings is very similar to those of PEI (see 

tables 4.2.1.2 and 4.2.5.1). In general, PAN coatings showed slightly higher capacitances and 

lower resistances (in comparison to the solvent poor domains of PEI, on the case of just spin-

coated samples). This result indicates that the extremely different performances of PAN and 

PEI are not mainly related to different rates of water diffusion through the coating, which 

would induce distinct values of T and R. The fact that the post-dried PAN has only slightly 

superior performance than the just spin-coating corroborates this conclusion. This suggests 

that the poorer performance of PAN coatings is related to the interfacial stability of the 

systems. 
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Table 4.2.5.1: Results of the fitting of the EIS spectra. In the table, Tc and Tdl are the T constant of the coating 

and double layer CPE, respectively. 

Exposure time Rc (Ω cm2) Tc (Ω-1 cm2) Rct(Ω cm2) TCdl (Ω-1 cm2) 

Just spin-coated 

30 min 2.5 x 107 6.1 x 10-9 - - 

3 h 1.0 x 107 9.8 x 10-9 - - 

10 h 7.4 x 105 2.9 x 10-9 3.6 x 106 5.1 x 10-8 

20 h 7.1 x 105 2.7 x 10-9 1.0 x 106 1.2 x 10-7 

40 h - - - - 

Post-dried 

30 min 7.4 x 107 2.4 x 10-9 - - 

3 h 1.1 x 108 2.5 x 10-9 - - 

10 h 2.0 x 108 2.3 x 10-9 - - 

20 h 1.6 x 108 2.2 x 10-9 - - 

40 h 3.1 x 106 1.7 x 10-9 6.8 x 107 8.9 x 10-9 

72 h 9.0 x 105 1.6 x 10-9 1.0 x 107 5.0 x 10-8 

96 h 2.1 x 105 1.6 x 10-9 2.0 x 106 1.5 x 10-7 

 

This assumption was confirmed by adhesion tests. The adhesion of PAN coatings to 

ground substrates was very similar to that of PVDF coatings, showing values usually below 

0.5 MPa. This low adhesion induces a complete detachment of the coating form the substrate 

as soon as water reaches the interface. As can be observed in Table 4.2.5.1, in case of just 

spin-coated samples, the water reaches the interface after only 10 h of exposure, which is 

indicated by the presence of double layer capacitance in the fitting process. The post-dried 

coating showed better barrier properties, demonstrated by the lower initial value of the 

coating capacitance, but after 40 h of exposure water could reach the interface. After that, the 

polymer is easily detached from the substrate and water concentrates at the interface as 

observed by the fast increase in the double layer capacitance. 

The performance of these coatings on other substrates was even worse due to the 

roughness induced defect formation (see PEI coatings). Thus, it can be concluded that the 

properties of PAN coatings prepared by spin-coating are not sufficient to protect the metal in 

the tested environment. The dominant aspect of the insufficient protectiveness of this coating 

is the lower interfacial stability. It is possible to increase the protectiveness of the coating by 

increasing its thickness, but as discussed for PEI, other methods are more appropriated for the 
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preparation of thicker coatings. Nevertheless, PAN coatings prepared by the spin-coating 

method could be an interesting choice to prepare thin and biocompatible top coatings over a 

protective intermediate layer in multi-layered coatings.  
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4.2.6 – Dip-coated polyacrylonitrile 

4.2.6.1 – Coating characterization. 

 Table 4.2.6.1 shows the thickness variation and solution viscosities of PAN coatings 

prepared using two different solutions in DMF.  As expected, the thickness increases as the 

solution concentration passes from 6 wt.-% to 8 wt.-%. It is interesting to observe that the 

thickness of PAN coatings prepared using 8 wt.-%  solutions is superior to the thickness of 

PEI coatings prepared using 15 wt.-%  solutions (see Table 4.2.2.1). This is related to the 

higher viscosity of the PAN solution (compare tables 4.2.1.1 and 4.2.6.1) which is a 

consequence of the higher molecular weight of the polymer (see Experimental Part). The 

residual solvent content in the coatings was around 4.0 wt.-%  Similar to PEI, the morphology 

of PAN coatings prepared by the dip-coating method was dense and non-porous.  

 
Table 4.2.6.1: Thickness variation of PAN coatings prepared by the dip-coating method and the viscosity of the 

used solutions. 

Solution Thickness at superior 

part (µm) 

Thickness at inferior 

part (µm) 

Viscosity (Pa.s) 

PAN/DMF (6/94) 3.5 ±  0.3 5.4 ± 0.1 0.43 

PAN/DMF (8/92) 7.5 ± 0.6   10.7 ± 0.4 1.17 

 

4.2.6.2 – Electrochemical impedance spectroscopy 

Figure 4.2.6.1 shows the impedance spectra of PAN coatings prepared using 6 and 8 

wt.-%  solutions on ground substrate. The first has low long-term resistance (figure 4.2.6.1a), 

and after only 3 days of exposure the impedance drops from 107 Ω cm2 to 105 Ω cm2. This is 

related to its low thickness as discussed for PEI coatings prepared using 10 wt.-%  solutions. 

The coating prepared using 8 wt.-%  solution show a much better performance due to the 

higher thickness (figure 4.2.6.1b). For that reason, further analyses were only performed on 

coatings prepared using the solution PAN/DMF (8/92). 
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Figure 4.2.6.1: EIS spectra of PAN coatings on ground substrate prepared using the following solutions: (a) 

PAN/DMF (6/94), (b) PAN/DMF (8/92). 

 

 Figure 4.2.6.2 shows the EIS spectra of a HF-treated substrate coated with PAN/DMF 

(8/92) after different exposure times to a 3.5 wt.-% NaCl solution. For both substrates (ground 

and HF-treated) there is an increase in impedance with exposure time (in the first 72 h for the 

ground shown in figure 4.2.6.1b and in the whole measured exposure time for the HF-treated 

one). This can be related to solvent extraction and to reactions between coating and corrosion 

products, as mentioned for PEI and PVDF coatings. When water reaches the interface 

magnesium hydroxide will be formed and it is expected that an interfacial reaction will take 

place (as the one shown in figure 4.2.5.1). To investigate this, infrared spectroscopy was used. 

The spectra of the coating on HF-treated substrate, before and after exposure to the corrosive 
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solution, are shown in figure 4.2.6.3. By analyzing the spectra, the reaction between 

magnesium hydroxide and the polymer is confirmed by the appearance of the signals from 

3380 to 3700 cm-1 (O-H), at 3250 cm-1 (N-H) and by the decrease in the CN/CH signals ratio 

from 1.67 to 1.24. All this supports the formation of the tautomer structure shown in Figure 

4.2.5.1. It is also possible that the formation of the salt and the acid took place, but this is 

difficult to check due to an overlapping in the signals of the carbonyl by the DMF signal (this 

signal is observed in many studies on PAN films and is usually regarded as a complex formed 

between solvent and polymer) [4.40]. 
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Figure 4.2.6.2: EIS spectra of PAN coating prepared using PAN/DMF (8/92) on HF-treated substrate at different 

exposure times to a 3.5 wt.-% NaCl solution. 

 

As this reaction leads to new acid sites in the polymer it is expected that the interfacial 

interaction will increase as the reaction goes on. This is certainly related to the impedance 

increase observed in the EIS spectra. Besides that, the ratio of DMF/C-H signal (the signal of 

the tertiary carbon present only in the PAN structure) decreases from 2.80 to 1.44 after 

immersion, indicating a decrease in the residual solvent content. These two parameters are the 

more significant ones related to the observed electrochemical behaviour of the samples.  

In case of the coating on ground substrate, the lack of a stable basic layer at the 

interface inhibited the increase in the interfacial stability through acid-base interaction. Due to 

this reason, after 400 h of exposure the ground coated sample showed impedance in the order 

of 104 Ω cm2 while the coated HF-treated substrate maintained high impedance even after 800 

h of exposure (figures 4.2.6.1b and 4.2.6.2). It is important to mention that if the interfacial 

reaction proceeds to the formation of the salt, ammonia will be eliminated (figure 4.2.5.1) and 
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will probably induce detachment of the coating due to an increase of the pressure at the 

interface. Therefore, it is desired that the interfacial reaction stops at the first step.  
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Figure 4.2.6.3: Infrared spectra of the coatings on HF-treated substrates before and after 2 months of 

immersion in 3.5 wt.-% NaCl. 

   

 In figure 4.2.6.4 it is shown the capacitance variation with exposure time of PAN 

coatings on HF-treated and ground substrate. Different from the ones observed for PEI, the 

capacitance of the PAN coated HF-treated substrate was inferior to that of the coated ground 

substrate. This suggests that the interaction of the substrate with DMF is not as strong as its 

interaction with DMAc. It can be observed from figure 4.2.6.4 that the capacitance of PEI 

coatings on HF-treated substrate does not increase in the whole measured time, while in 

ground substrate it shows an increase after 250 h of exposure. The lack of a capacitance 

increase in case of the coated HF-treated substrate may be related to interfacial 

interactions/reactions that inhibits the concentration of water at the interface and possibly 

induces water back diffusion. 

Comparing figure 4.2.6.4 with figures 4.2.2.4, 4.2.2.9 and 4.2.4.4 it can be observed 

that the capacitance of PAN coatings is at the same order as that of PVDF but one order of 

magnitude higher than that of PEI. Another similarity between PAN and PVDF is the 

capacitance variation. In both cases, the capacitance decreases in the first 400 h of immersion 
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in a similar magnitude (1 nF cm-2 for PVDF and 1.5 nF cm-2 for PAN). As previously 

mentioned, this can be related to solvent been washed out and to the reactions at the interface.   
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Figure 4.2.6.4: Variation of coating capacitance with exposure time in 3.5 wt.-% NaCl solution. 

  

4.2.6.3 – Influence of substrate pre-treatment  

 Figure 4.2.6.5 shows the impedance at low frequencies for PAN coatings on as-

received, nitric and acetic acid cleaned substrates. It can be observed that the HNO3 cleaned 

substrate showed the highest long-term stability. The as-received substrate showed the higher 

initial impedance but poor long-term stability due to well discussed influence of impurities. 

As expected, the acetic acid cleaned substrates showed the lowest impedance in the initial 

exposure time, but better long term stability than the as-received one. Both coated substrates 

(as-received and acetic acid cleaned) were considerably damaged after only 24 h of exposure. 

This result supports the general conclusion that acetic acid is not a suitable pre-treatment for 

coating with thickness lower or equal to 10 µm. The good performance of the HNO3 cleaned 

sample is also in accordance with previous results. 
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Figure 4.2.6.5: Low frequency (20 mHz) impedance of coated substrates pre-treated with HNO3, acetic acid 

(AA) and as-received (AR) at different exposure time to 3.5 wt.-% NaCl solution. 
  

Figure 4.2.6.6 shows images of differently pre-treated substrates coated with PAN after 

immersion in a 3.5 wt.-% NaCl solution. The same trend presented for PVDF is observed. The 

best performance is obtained with the HF-treated substrates, followed by the nitric acid 

treated one. The performance of acetic acid cleaned and as-received samples was not 

satisfying. The reasons for that are the same as those discussed for PEI and PVDF coatings. 

The performance of ground substrates was also very poor due to the low adhesion of the 

coating (see Table 4.2.6.2). The adhesion of PAN coatings was very similar to that of PVDF, 

except for HF-treated and as-received substrate where PVDF coatings have better adhesion. 

This is probably due to a stronger acid-base interaction between the hydroxides on the metal 

surface and the hydrogen in PVDF compared to possible acid-base interaction with the nitrile 

carbon of PAN. The presence of the triple bond and the free electron pair of the nitrogen atom 

probably inhibit the interaction between the substrate and the nitrile carbon, resulting in weak 

interfacial interactions and low adhesion properties. 
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 (a)                (b) (c) 

               
 (d) (e) 

 

Figure 4.2.6.6: Images of PAN coatings on different substrate after immersion in 3.5 wt.-% NaCl 

solution: (a) ground substrate 1 day of immersion, (b) acetic acid treated substrate after 1 day of immersion (c) 

as-received substrate after 3 days of immersion (d) HNO3 treated substrate after 3 days of immersion and (e) HF-

treated substrate after 7 days of immersion. 

 

 

Table 4.2.6.2: Results of the adhesion tests. 

Substrate Adhesion (MPa) 

Ground 0.43 ± 0.01 

As-received 0.37 ± 0.12 

Acetic acid cleaned 0.74 ± 0.24 

HNO3 cleaned 0.40 ± 0.07 

HF-treated 0.75 ± 0.20 

 

The interface of the PAN/HF-treated sample was also investigated using XPS 

spectroscopy. The spectra are shown in figure 4.2.6.7. The Mg 2p signal has a similar pattern 
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as the ones observed in the case of PVDF and PEI coatings. A binding energy of 56 eV is 

observed for the interacting magnesium while the non-interacting substrate has a binding 

energy around 50 eV. As previously commented this indicates that the substrate is behaving 

as a base. Interesting signals could also be observed at the interfacial C 1s spectra as shown in 

Figure 4.2.6.7b. It can be observed that a signal at 291 eV appear at the interface which is 

related to a carbonyl group. The presence of this carbonyl signals indicates that the basicity of 

the substrate surface is high enough to induce its reaction with the polymer. Similarly to PEI 

and PVDF, the best performance of PAN coatings on HF-treated substrate compared to other 

substrate is related to acid base interactions at the interface.  
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Figure 4.2.6.7: XPS spectra of the interface between PAN and the HF-treated substrate. 

 

Despite these similar interface interactions and patterns of XPS spectra, no similarities 

were observed in the adhesion of these three polymers on HF-treated substrates. The stability 

increase produced by this interfacial acid-base interaction is strong enough to render better 

performance on corrosion tests but not strong enough to render higher adhesion, at least in 

pull-off tests. Only in some specific cases a higher adhesion could be observed in the HF-

treated substrate (PEI coatings prepared using NMP and PVDF coatings, which showed 

higher adhesion but also higher standard deviation on the measurements). Although the 

interfacial interactions of PEI, PVDF and PAN with the HF-treated substrate are similar, the 
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substrate was much more damaged after corrosion tests in case of PAN coating. This indicates 

lower interfacial stability, compared to the other polymers. 

 

4.2.6.4 – Tests on simulated body fluid (SBF) 

 As previously discussed PAN is a very interesting polymer for biomedical applications 

due to the high potential to modify its surface for biocompatibility and adhesion of organic 

molecules. As magnesium implants have received considerable attention as biodegradable 

implants, as well as HF-treated magnesium alloys due to the positive effect of fluoride in the 

bone structure [1.42, 1.45], it is a very interesting approach to coat the HF-treated magnesium 

sheet with PAN and check how the metal corrodes in a simulated body fluid (SBF). The SBF 

is a solution with a salt composition similar to that of a human body (table 4.2.6.3). The tests 

were performed at 37 oC using a thermostat bath for better simulation of the biological 

environment. In figure 4.2.6.8 the impedance spectra of the analyses is shown. By comparing 

figure 4.2.6.8 with figure 4.2.6.2 it can be observed that, despite the higher initial impedance, 

the long term stability of the coating on SBF was inferior to that in 3.5 wt.-% NaCl. In SBF 

the coating impedance dropped to 105 Ω cm2 after 792 h of exposure while it maintain in the 

order of 107 Ω cm2 after 840 h of exposure to 3.5 wt.-% NaCl solution. As the SBF is milder 

than the 3.5 % NaCl solution (lower salt concentration) it could be expected that the coating 

performance would be superior in SBF. This behaviour can be explained considering the 

osmotic pressure in both solutions 

-2 0 2 4
4

5

6

7

8

 30 min
 168 h
 192 h
 360 h
 456 h
 672 h
 792 h
 Fit result

lo
g 

Z 
(Ω

 c
m

2 )

log f (Hz)  
Figure 4.2.6.8: EIS spectra of a coated HF-treated substrate on different exposure times to a SBF at 37 oC. 

 

The osmotic pressure of SBF is 8 mbar while for the 3.5 wt.-% NaCl solution it is 30 

mbar (calculated using the following equation P = iCRT, where P is the osmotic pressure; i is 
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the ionic factor; R is the gas constant and T the test temperature). At the beginning of the 

treatment, the osmotic pressure acts in the direction of the solution (which is more 

concentrated compared to the interface).  In this situation, the diffusion of water trough the 

coating is much more hindered in the 3.5 wt.-% NaCl than in SBF. This leads to a higher 

water diffusion rate in SBF. This situation would only change when ions reach and 

concentrate at the interface, changing the osmotic pressure. However, for all measured 

samples, no detectable amounts of solution ions were observed at the interface by XPS 

analyses, even after one month of exposure to the corrosive solution. Thus, during all the 

exposure time the osmotic pressure on 3.5 wt.-% NaCl is higher, acting in the solution 

direction, resulting in more hindered water diffusion in this solution, compared to SBF. 

In figure 4.2.6.9 it can be observed that in the beginning of the exposure, the coating 

capacitance in 3.5 wt.-% NaCl solution was higher than in SBF. As the exposure time goes 

on, both capacitances decrease, but after 456 h the coatings capacitance in SBF experiences a 

continuum increase. It can observe that the time when the capacitance increase coincides with 

the time when the impedance considerably decreases (figure 4.2.6.8). The constant decrease 

in 3.5 wt.-% NaCl shows that the rate of water uptake is lower than the rate of solvent 

removal in the whole measurement time. On the other hand, in SBF the impedance increase 

which takes place after 456 h of exposure indicates an increase in the water uptake rate. This 

result is consistent with the lower osmotic pressure (which acts in direction of the solution) in 

SBF, which would induce higher water diffusion rate, compared to the 3.5 wt.-% NaCl 

solution. 
 

Table 4.2.6.3: Composition of the simulated body fluid compositions [4.41].  

Salt Concentration (g L-1) 

CaCl2.2H2O 0.185 

MgSO4.7H2O 0.06 

KCl 0.4 

K2HPO4 0.05 

NaHCO3 0.35 

NaCl 8.0 
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Figure 4.2.6.9: Variation of coating capacitance with exposure time to 3.5 wt.-% NaCl and SBF of PAN coatings 

on HF-treated substrate. 

 

 Besides the electrochemical tests, immersion tests were performed in SBF. Figure 

4.2.6.10 shows images of the aspect of the samples at different immersion times. It can be 

observed that after 9 days of immersion there were considerable amount of corrosion products 

(mainly hydroxides and carbonates as obtained by XPS analyses) at the interface that resulted 

in the lost of the usual colour of the HF-treated substrate. A closer look at this sample 

revealed many little bubbles along the coating, suggesting that water could reach the interface 

in different spots. A more intense corrosion attack could be observed at the lower edge of the 

sample. Compared to figure 4.2.6.6e it can be observed that the corrosion process in 

immersion tests is much more intense in SBF than in 3.5 wt.-% NaCl as observed in the EIS 

investigation. This is also related to the lower osmotic pressure in SBF solution, which 

enhances the water diffusion trough the coatings. 

 After 18 days the sample maintain more or less the same aspect showing that, despite 

the fast arrival of water at the interface, the sample could maintain  stability due to the 

interfacial process. However, the more server corroded area looked even more damaged and 

the coating was completely disrupted due to the pressure produced by the increase volume of 

corrosion products. After 21 days of immersion, the entire lower edge of the sample was 

corroded and dip pits were formed that could be observed from the other side of the sample. 

Another sample was investigated in the same way and similar results were obtained. 

 



 114

     
 9 days 18 days 21 days 

Figure 4.2.6.10: Image of the aspect of the PAN coated HF-treated substrate after different immersion times in 

SBF at 37 oC. 
 

 The immersion test is a much more significant test for the evaluation of implants 

performance than the EIS one, as the whole implant is in contact with the corrosive 

environment. The required stability for an orthopaedic implant is of at least 2 months, thus it 

can be concluded that the AZ31 alloy pre-treated with HF and coated with PAN do not have 

the required stability to be used as an implant. However, the corrosion resistance of the alloy 

considerably increased by the HF-treatment followed by coating with PAN. Figure 4.2.6.11 

show the aspect of an untreated AZ31 alloy sheet after 5 days of immersion in SBF.  The 

sample surface is completely corroded and many pits are observed. After 12 days of 

immersion, the sample was completely dissolved in the solution. Nevertheless, further tests 

are required to allow a conclusive description on the potential of PAN as corrosion protective 

coatings for magnesium AZ31 alloys. Future studies which aim to investigate the potential of 

this method should focus on biocompatibility of the sample. Tests in vivo are important to 

give insights on the sample behaviour on an in service conditions.  Besides that, potential 

risks related to residual amounts of DMF should be considered to allow a conclusive 

evaluation of the potential application of the adopted strategy. 

 

 
Figure 4.2.6.11: Image of the aspect of an untreated AZ31 alloy sheet after 5 days of immersion in SBF at 37 oC. 
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5 - Discussion of the results 

5.1 – Substrate pre-treatments 

The substrate pre-treatment is considered as the most relevant parameter for the 

performance of corrosion protective coatings, as stated by ISO 8502 which says that “the 

behaviour of protective coating systems is affected mainly by the condition of the substrate 

immediately before the coating system is applied”. In the past it has been shown that the 

performance of corrosion protective coatings is more related to an interfacial stability between 

coating and substrate then to barrier properties [1.95, 1.97]. In other words, even if water and ions 

are able to diffuse through a coating, they will not be able to produce significant damage to 

the metal if the interface is stable. In the present work acid cleaning methods were applied due 

to their good impurity removal effect and the possibility of formation of a protective layer, 

which is the case of HF acid treatment. The results obtained by the HF treatment as well as by 

the cleaning with acetic and nitric acid and grinding will be discussed in details. 

 

5.1.1 – HF treatment 

The corrosion protection of Mg alloy AZ31 obtained by the HF treatment is mainly 

related to the formation of a protective layer on the substrate surface. The Fe/Mn ratio is 

reduced to below its critical value, but this is not the main factor governing the corrosion 

behaviour since that the aqueous solutions of 14 and 28 mol L-1 HF resulted in similar Fe/Mn 

ratios but different electrochemical performances. The formed layer is mainly constituted by 

MgF2 as shown by  XPS analyses, but the presence of hydroxides and oxides is also 

confirmed.  The formation of hydroxides (in the form of Mg(OH)xF2-x) in acidic environments 

is well documented in the literature, despite the fact that its mechanism is not well understood 
[1.42, 5.1]. Verdier [5.1] suggests that this compound is formed either by simultaneous reaction 

between the Mg2+ and the anions OH- and F- or by a substitution reaction, where the 

hydroxide anions of the magnesium hydroxide film are gradually replaced by fluoride. As in 

the present study the quantity of hydroxides on the metal surface increases with treatment 

time (figure 4.1.1.4) a substitution of the fluorides by hydroxides is suggested, instead the one 

proposed by Verdier. This is consistent with the fact that the signal related to MgF2 appeared 

in the initial phase of the treatment, and the signals related to the hydroxides appeared only at 

the end. The conversion of MgF2 to Mg(OH)2 is reported in the literature, showing that this 

reaction is thermodynamically possible [5.2].  

Another mechanism is proposed by Wojciechowska [4.31], who observed that when 

MgF2 is in contact with water (including water vapour) its coordination shell is filled by 
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hydroxide anions. Wojciechowska shows that, due to the crystalline structure of MgF2 (rutile-

type) some magnesium atoms in specific planes of the crystalline structure are coordenatively 

unsaturated and act as acid sites, being able to receive a hydroxide anion. Three different 

hydroxides were identified depending on their location in the crystal structure, and  also three 

different hydroxides were observed in the infrared of the HF-treated samples in the present 

work (figure 4.1.1.5a). Therefore it is possible that the hydroxides observed in the present 

work are formed in the way shown by Wojciechowska. After the formation of MgF2, the 

contact with water fills the coordination shell of unsaturated magnesium ions with hydroxides. 

In this way there is no replacement reaction, but rather a filling of vacancies in the lattice of 

MgF2 crystalline structure by hydroxides.  

The presence of hydroxides renders interesting properties for the substrate surface, as 

basic character. On the other hand, the magnesium atom in the magnesium fluoride molecule 

can be considered as acid in the Lewis sense (able to receive an electron pair). The created 

surface can behave as an acid or as a base in contact with an upper layer, depending on its 

chemical structure. According to Wojciechowska the basic character of magnesium fluoride is 

stronger than the acidic one and therefore it would be expected that polymers with acidic 

groups would strongly interact with the substrate surface. This was observed for all 3 

polymers tested in this study. These properties make this treatment a very attractive method to 

enhance the performance of polymer coatings. 

 The increase in impedance with treatment time (figure 4.1.1.6) is related to a 

increasing amount of formed layer. Due to different factors the treatment with 7 mol L-1 HF 

and 28 mol L-1 HF resulted in a lower corrosion protection. The reason for the poor behaviour 

of the samples treated with of 7 mol L-1 HF is the higher hydroxide concentration, as detected 

by FT-IR spectroscopy. High hydroxide concentrations have a weakening effect on the 

protective properties of the layer, since that Mg(OH)2 is unstable in the presence of Cl- ions in 

solutions. In case of 28 mol L-1 HF, the sample was heavily etched and showed a weight loss 

even after 5 h of treatment, indicating a very slow deposition of protective layer. This 

suggests that even after 24 h the surface was not completely covered by a layer, resulting in a 

lower corrosion protection. With a lower quantity of hydroxide and a faster protective layer 

formation process, the solutions 14 and 20 mol L-1 HF resulted in a better corrosion 

protection. 

 To conclude this discussion is important to mention that, despite the good properties of 

the HF-treated samples, this treatment is not suitable for industrial applications due to 

problems associated to high scale manipulation of HF. The aim for this study was to 
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determine the best conditions for this interesting treatment and investigate its influence on the 

corrosion protection, as well as on the performance of an upper coating. An interesting 

outcome of this study is the good performance of coated samples which has interfacial 

reactions/interactions which results in long term stability of the sample. This concept can be 

further investigated using more environmentally friendly pre-treatments for the development 

of industrially viable corrosion protection processes for magnesium alloys 

 

5.1.2 – Acetic and nitric acid cleaning  

 While HF is a highly dangerous acid and needs to act on the alloy for 24 h to produce 

its best effect, acetic and nitric acid are much less harmful and can produce good results even 

after 2 minutes of treatment. This makes these acids interesting candidates for industrial 

application in the cleaning of magnesium alloys. As reported by Nwaogu [1.33, 1.34], neither 

acetic nor nitric acid create layers on the substrate surface and the improvement in corrosion 

rate can be mainly attributed to the removal of impurities. An increase in the quantity of 

oxides/hydroxides as well as the presence of signals related to nitrates and acetates was 

observed in the infrared spectra. The presence of these salts at the interface certainly has 

influence in the osmotic pressure of the system, but however, the dominant parameter related 

to the lower performance of acid cleaned samples (compared to the ground substrate) is 

related to the substrate surface roughness. 

 The roughening of surfaces is a well known procedure in metal and paint industries, 

which is used to improve the adhesion between a metal and a paint. The relation between 

surface roughness and adhesion lays on the theory that the adhesion is related to an anchorage 

effect, which would increase with the number of anchoring spots that are generated by a 

surface roughening [1.95]. Methods as dry abrasive blasting, water jetting and ultra-high 

pressure abrasive blasting are well known in the surface preparation of steel substrates as 

described by Momber [5.3, 5.4]. Despite the assumption that surface roughening increases the 

adhesion, in the present work no relation between the substrate preparation process and the 

coating adhesion was observed. Similar results are also reported in studies in the literature 
[1.37]. 

An important observation made in the present study is that the coating requires a 

minimum thickness to avoid defect formation induced by surface roughness. This is especially 

true when very thin coatings are applied, as in the case of spin-coating. For all three polymers 

it was observed that the acetic acid cleaned substrate did not performed well neither in EIS 

nor in immersion tests due to the highly irregular substrate surface. Even when coatings with 
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thickness around 15 μm were applied the performance of the coated acetic acid cleaned 

substrate was much inferior to that of the other samples. On the other hand, the nitric acid 

treated substrate showed very good performance, and in case of PVDF and PAN coatings, the 

performance of this substrate was only inferior to that of the HF-treated one. This difference 

is related to the much smoother surface produced by the nitric acid cleaning process.  

These results indicate that, among the pre-treatments investigated in this study, the 

cleaning with nitric acid is the more interesting pre-treatment for industrial applications. It is 

relatively fast and allows the preparation of thin coatings which provide corrosion protection 

for at least 3 days of immersion in the corrosive solution. Nevertheless the coating should not 

be as thin as the ones prepared by spin-coating. For such coatings only the grinding pre-

treatment leads to acceptable  results. Further discussions on the influence of the substrate 

pre-treatments on the performance of specific coating will follow in the next sections. 
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5.2 – Poly(ether imide) coatings 

5.2.1- Influence of solvent 

The two main factors related to the performance of PEI coatings are the type of solvent 

and the substrate preparation method. The first one has considerably effect in the diffusion of 

water through the coating as shown by the EIS simulation results due to the retention of 

residual solvent. The interaction of PEI with DMAc and NMP is so strong that even after 12 h 

in a vacuum oven (10 mbar) at 130 o C residual solvent was  observed. This is one drawback 

of these solvents compared to methylene chloride, another solvent investigated by our group 

for the preparation of PEI coatings [1.68]. However, DMAc and NMP have the advantage of 

allowing the preparation of more concentrated solutions that decreases the solvent waste. 

Besides that, the solution concentration is important for the final coating thickness. Spin-

coating tests were also performed using methylene chloride solutions and unsatisfactory 

properties were obtained. 

Another solvent tested in this work was N,N'-dimethylformamide (DMF) a solvent 

that differs from DMAc by one single CH3 group and has a lower boiling point (150 oC) what 

makes it easier to be removed by heating. However, PEI solutions are unstable in this solvent 

at concentrations higher than 10 wt.-% and require heating to become homogeneous. 

Therefore, the solvents DMAc and NMP were selected as the appropriate ones for this 

application despite the difficulty to completely remove them from the coatings. 

 Due to the presence of residual solvent a different electronic circuit was required for 

the fitting process of spin-coated PAN. The coatings prepared by the dip-coating method 

could be simulated by a tradition circuit, even having high residual solvent amount. This is 

probably related to a more homogenous solvent dispersion in the coating as its thickness 

increases. With a more homogeneous solvent distribution there will not be specific solvent-

rich and solvent-poor domains and the EIS spectrum can be simulated using the traditional 

circuits with low error (below 10%). In the case of coatings prepared by the dip-coating 

method on HF-treated substrates, a similar behaviour to the spin-coated samples is observed 

in the theta Bode plot, as shown in figure 5.2.1.  

 It was previously discussed that the capacitance of the coatings on HF-treated 

substrate was higher than that on ground ones, suggesting that the HF-treated surface could 

interact with the solvents. This would lead to a higher residual solvent amount in these 

coatings that could enhance the formation of distinct solvent-rich and solvent-poor domains. 

By comparing the theta Bode plot of PEI/DMAc coatings on ground and HF-treated substrates 

it becomes clear the presence of solvent-rich domains in the last one (figure 5.2.1a) 
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Figure 5.2.1: Theta Bode plots of PEI/DMAc (20/80) coatings on ground and on HF treated substrates. 

 
 
It can be observed in figure 5.2.1b the difference in fitting the results with the traditional and 

the circuit considering solvent-rich and solvent-poor domains. The fitting with the traditional 

circuit results in a straight line at high frequencies without following the spectrum curve, 

while the fitting using the circuit considering the solvent-rich and solvent-poor domains 

follows the behaviour of the experimental curve. 

 However, the influence of different domains in this coating was not so pronounced in 

the final capacitance as can be observed by comparing figure 5.2.2 (which shows the 

capacitance variation of the solvent-poor domain of coated HF-treated substrate) to figure 

4.2.2.9. It can be observed that the solvent-poor domain capacitance follows the same trend as 

the coating capacitance calculated using the traditional circuit, and the value difference is of 

about 0.06 nF.cm2 corresponding to an error of only 10%. In the case of spin-coated coatings, 

the error obtained using the traditional circuit was higher than 100% for some spectra. Besides 

that, after 1100 h of exposure the spectra of dip-coated HF-treated substrates could not be 

simulated using the circuit considering different domains, suggesting that a part of the solvent 

was removed and the coating were homogenous. Therefore, the behaviour of this coating 

could be simulated using the traditional circuits with good accuracy. 
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Figure 5.2.2: Capacitance variation of the solvent-poor domain of a coating on HF-treated substrates. 

 

These results suggest that there is a critical solvent amount for a specific polymer 

volume that will define the presence of different domains in the film or a uniform solvent 

distribution. Above this critical value, the water diffusion will considerably increase, as 

observed for just spin-coated PEI. For the present coatings, the critical solvent amount is in 

the range of 5-6 % for PEI coatings prepared using DMAc solutions, depending on the 

coating thickness.  

The coatings prepared by NMP had higher residual solvent amount and inferior barrier 

properties compared to the ones prepared by DMAc. These solvents have very different 

chemical structures, polarities and interact with the polymer with different intensities. It was 

previously commented that the solvent presence causes some distortion in the polymer 

secondary structure and that these distortions have influence in the water diffusion. The 

influence of such distortions on the ether linkage on the diffusion of gases was carefully 

studied by Kostina et al.[4.23] who performed simulation tests with different angles in the ether 

segment and showed differences in gases diffusions. Kostina concluded that the diffusion 

increases as the chain rigidity increases [4.23]. A similar trend is observed in the present study. 

NMP has stronger interactions with PEI than DMAc producing a higher increase in the 

rotational barrier, and the diffusion of water is faster for the NMP coatings.  

To conclude this discussion about the solvent effects, it is necessary to discuss how the 

polymer interacts with the solvent. It was previously shown that both solvents interact at the 

imide ring, due to changes in the carbonyl signals (1700 to 1800 cm-1) and changes in the C-

N-C signal (around 1350 cm-1) of the infrared spectrum. However, studies in the literature 

show interactions of the same and other solvents at other segments of the PEI chain, as in the 

oxygen in the ether linkage and even the π-electron cloud of the aromatic rings. For example, 
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Kostina shows that the hydrogen of methylene chloride interacts with the oxygen in the ether 

linkage of PEI [4.23]. Hatton and Richards [5.5] describe complexes of DMAc and aromatic 

compounds where they observed interactions between the nitrogen in the solvent with the  

aromatic ring.  

In the present study there is no doubt about an interaction in the imide ring, due to 

significant characteristics in the carbonyl and on the C-N-C bond signals, as shown in figures 

4.2.1.4 and 4.2.2.2. Comparing the spectrum of pure PEI with the one with 4% of residual 

solvent (figure 4.2.3), changes can be observed in these aforementioned signals. A third 

carbonyl signal appears, and the signal related to the asymmetrical stretching of the carbonyl 

group is slightly shifted to higher wave numbers, as can be observed by the dashed line. As 

mentioned earlier, this shift and decrease in intensity suggests a distortion in the polymer 

secondary structure, due to a non-co planarity of the two imide rings. It can also be observed 

that the signal around 1350 cm-1 modifies while the signals related to the aromatic ring (C=C) 

and the ether linkage (Ph-O-Ph) are unchanged at this residual solvent content. This clearly 

shows that the solvent interacts with the imide ring.  
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Figure 5.2.3: FT-IR spectra of PEI coatings prepared using DMAc solutions with different amount of 

residual solvent (RS). 

 

As the solvent content increases, significant changes happen to the other signals. In 

fact, the entire spectra changes with new signals appearing and variations in signal intensities. 

This result shows that the primary interaction of DMAc with PEI is at the imide ring, but as 

the residual solvent content increases, it is possible that interactions at the aromatic rings and 
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at the ether linkage also appear. Similar analyses were performed on coatings prepared using 

NMP and the same conclusions were obtained. 

 

5.2.2 Influence of substrate pre-treatment 

 The substrate pre-treatment has considerable influence in the performance of PEI 

coatings. Three parameters of importance were observed: the substrate surface roughness, 

substrate impurity level and the formation of compounds at the substrate surface. The first one 

has influence on the morphology of the coating and can form defects which considerably 

decreases the protectiveness of the coatings. The second influences the corrosion rate at the 

interface and the last influences the interfacial stability and adhesion of the coating. The effect 

of these three parameters in the performance of PEI coatings will be discussed in the 

following.  

It was observed that the negative influence of high substrate surface roughness 

decrease as the coating thickness increases. Aiming to have better insights on this relation, the 

ratio between these two parameters was measured for different samples and this ratio was 

correlated to the sample impedance after 72 h of exposure to 3.5wt-% NaCl. The impedance 

at this time was selected as a reference point to give a better insight on the long term 

performance of the coatings. The results of this investigation are shown in table 5.2.1 
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Table 5.2.1 Coating thickness and substrate roughness influence on the impedance. 

 
 
Solution/substrate 

Coating 
thickness 

(µm) 

Substrate 
roughness 

(µm) 

 
CT/SR* 

Impedance 
at 72h 

( MΩ cm2) 
PEI-DMAc/ground 2.5 µm 0.09 28 12.4 
PEI-DMAc/ground 5 µm 0.09 55 25.8 
PEI-DMAc/ground 13 µm 0.09 144 2500 
     
PEI-DMAc/AR 5 µm 0.37 13 degraded 
PEI-DMAc/AR 8 µm 0.37 21 degraded 
PEI-DMAc/AR 13 µm 0.37 35 221 
     
PEI-DMAc/AA 2.5 µm 2.12 1.8 degraded 
PEI-DMAc/AA 5 µm 2.12 2 degraded 
PEI-DMAc/AA 13 µm 2.12 6 degraded 
     
PEI-DMAc/AN 2.5 µm 0.36 7 degraded 
PEI-DMAc/AN - - - - 
PEI-DMAc/AN 13 µm 0.36 36 16.5 
     
PEI-DMAc/HF 2.5 µm 0.37 7 0.3 
PEI-DMAc/HF 8 µm 0.37 21 17 
PEI-DMAc/HF 13 µm 0.37 35 1523 

* CT: Coating thickness; SR: substrate surface roughness 
 

For the ground, acetic and nitric acid cleaned substrates, the higher the CT/SR  

(coating thickness/surface roughness) the higher the coating impedance at 72 h of exposure. 

The results also show that the CT/SR ration should have a minimal value of 21 to maintain 

good impedance after 72 h of exposure. In case of special interfacial interaction (as in the case 

of coated HF-treated substrates) this value may decrease since that the interface interaction 

plays the most significant role in the sample performance. The as-received coatings follow a 

similar trend observed for the ground, acetic and nitric acid cleaned samples. However, it can 

be observed that with a CT/SR value of 35 this sample has an impedance of 221 MΩ cm2 

while the substrate treated with nitric acid has lower impedance with slightly higher ratio. 

This is probably associated with an interaction between the oxide layer in the metal surface 

and the polymer.  

Based on these results it can be concluded that, in the lack of beneficial interfacial 

interactions, a PEI coating will only produce satisfactory protection when the CT/SR ration is 

higher than 21. This can be achieved either by treating the substrate in a way that its surface 

roughness decreases or increasing the coating thickness. The only substrate treatment that 
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satisfies this condition for spin-coating is the grinding. As the grinding process is not suitable 

for industrial applications different pre-treatments should be investigated in order to apply the 

spin-coating of PEI in industrial processes for corrosion protection of magnesium alloys. 

 Besides the effect on surface roughness, the different used pre-treatments have 

considerable effect in the impurity removal. All the three acids used in the present study have 

an efficient impurity removal rate as previously commented in the section about HF treatment 

and in the works of Nwaogu [1.33, 1.34]. In some cases the surface impurity concentration does 

not play a significant role in the coating performance. For example, the performance of as-

received coated substrate was superior to that of the acetic acid cleaned coated one. It is 

certain that the corrosion rate of the as-received coated substrate will be higher than that of 

the clean one when water concentrates at the interface. However, the water diffusion rate and 

its capacity to concentrate in the interface is the most significant parameter for the general 

sample performance.  

The importance of clean surfaces can be observed by comparing the result of nitric 

acid cleaned samples with the as-received one. The roughness of these substrates is very 

similar (table 4.1.2.1) but the performance of the clean one is much better. The as-received 

dip-coated sample showed high impedances only during the first 3 days of exposure while the 

nitric acid cleaned maintaining impedance in the order of 107 Ω cm2 for 7 days (see figures 

4.2.2.5 and 4.2.2.7). A proper surface cleaning can then double the long term corrosion 

stability of a sample. As all the used acids have similar effects on the impurity removal, other 

parameters are more relevant in the selection of the most adequate one for a particular 

application. The CT/SR ratio, the presence of strong interfacial interactions and the easiness 

of the treatment should lead to the appropriate choice. 

As extensively discussed in the results section, the best performance of the coating in 

HF-treated substrate is related to an interfacial interaction. As the as-received substrate 

surface contains hydroxides and oxides which could also interact with the polymer, the 

interface of this system was also investigated. The XPS spectra in figure 5.2.4a shows that the 

binding energy of Mg 2p electrons did not shift to higher BE values in case of coated as-

received substrates as it does in case of HF-treated ones. This is probably related to a lower 

basicity of the oxygen atoms as observed in figure 5.2.4b. It can be observed that the binding 

energy of the oxygen electron has lower values on the HF-treated sample than in the as-

received one. This lower binding energy values indicate a higher electron density, and 

consequently, higher basicity. This result is in accordance with the study of Prescott et al. [4.13] 

that shows that the oxygen basicity in the O/F mixed lattice is higher than in the single one.  
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Figure 5.2.4: XPS spectra of magnesium and oxygen electrons at the interface of as-received and HF-treated 

coated samples. 

 

It is interesting to mention that some papers describe that the imide ring is electron deficient 

and forms complexes with electron donating specimens as metals like chromium and 

potassium [5.6, 5.7]. Considering this, the interface in ground substrate was investigated by XPS 

spectroscopy to proof if such complexes were formed. No shifts confirming this hypothesis 

were observed. Theses mentioned studies are related to polyimides containing the 

pyromellitic dianhydride (PMDA) moiety, which has one aromatic ring between two imide 

rings, as shown in figure 5.2.5. For the structure of PMDA it is easy to realize that the 

aromatic ring between the imide rings is electron deficient since that the four carbonyl groups 

linked to it have an intense electron withdrawing effect. In the case of PEI Ultem there is also 

an aromatic ring between two imide rings, but the linkage is on the nitrogen atom rather than 

in the carbonyl groups (see figure 4.2.2.2). The nitrogen atom withdraw electron by inductive 

effect (more electronegative) but donate electron by mesomeric effect (delocalization of the π-

cloud). As for nitrogen the mesomeric effect is more pronounced it is expected that the 

density of this ring will actually increase instead of decrease. Therefore, in the case of Ultem 

there is no aromatic ring with electron deficiency similar to the one in the PMDA structure to 

form such complexes.  
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 Figure 5.2.5: Structure of the polyimide PMDA. 

 

5.2.3 – Mechanism of coating degradation: Interfacial reactions 

To investigate whether any reaction between the polymer and the corrosion products 

took place during the corrosion of the samples (e.g. opening of the imide ring as postulated by 

Scharnagl et al. [1.68] as shown in figure 5.2.6) IR microscopy analyses were performed in 

spin-coated samples after exposure. This investigation is important for a better understanding 

of the mechanism of coating degradation. Figure 5.2.7a shows the microscopic view of a 

sample spin-coated with PEI/DMAc (10/90) after the corrosion test, where an undamaged and 

damaged area can be seen. The IR spectra of these areas, figure 5.2.7b, reveal the presence of 

O-H signals on the damaged area, which are related to magnesium hydroxide. The sharp 

signal at 3700 cm-1 is related to brucite crystals (Mg(OH)2) which do not form hydrogen 

bonds [4.10]. The broad signals in the range from 3000 and 3500 cm-1 are related to magnesium 

hydroxide forming hydrogen bonds and probably to polyamic acid [4.9, 4.10] . 
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Figure 5.2.6: Scheme of the imide ring opening produced by the polymer reaction with hydroxides anions. 

 

To evaluate whether the ring opening reaction took place, the ratio of the signal related 

to the carbonyl group and the one related to the ether linkage (Ar-O-Ar) of the PEI structure 

were investigated for the damaged and two undamaged areas, indicated by the colours blue 

and red in figure 5.2.7a. The carbonyl/ether ratio considerably decreases from the undamaged 

to the more damaged area by the following values: 4.91 (undamaged), 3.11 (blue area) 2.56 

(red area). This result clearly shows that the quantity of imide rings decreases in the polymer 

structure indicating the reaction at the interface. Besides that, new signals appeared in the 

spectrum of the more damaged area that can be attributed to the polyamic acid and to 

magnesium polyamate (salt form of polyamic acid) as follow: 3500-300 cm-1 (O-H of 

polyamic acid, water and Mg(OH)2 with hydrogen bonds), 1660 cm-1 (amide I), 1560 cm-1 

(amide II), 1522 cm-1 (aromatic ring of polyamic acid) and 1400-1390 cm-1 (carboxylate 

anion) [1.85, 1.87].  
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Figure 5.2.7: (a) Microscopic image of a ground substrate spin-coated with PEI/DMAc (10/90) under N2 

atmosphere after 24 h of exposure to 3.5 wt.-% NaCl solution. (b) IR spectra of three distinct points of the 

sample surface. 

 

The presence of polyamate can further be confirmed by XPS spectroscopy, as shown 

in figure 5.2.8. It can be observed that the binding energy of the magnesium 2p electrons is 

shifted to higher values in the damaged coating compared to the signals of usual magnesium 
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corrosion products (magnesium oxide and magnesium hydroxide). This signal is probably 

related to the Mg2+ cation which stabilizes the polyamate anion. Therefore, it can be affirmed 

that magnesium hydroxide reacts with the imide ring forming magnesium polyamate and 

polyamic acid. 
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Figure 5.2.8: XPS spectra of magnesium electrons at the interface of a damaged PEI coating on ground 

substrates. 

 

The effect of this interfacial reaction in the protectiveness of the coating was 

investigated by analyzing the Nyquist plot of the post-dried spin-coated sample, shown in 

figure 5.2.9. It can be observed that at the exposure time of 288 h there are two distinct 

semicircles with similar magnitudes. These two semicircles relate to the coating capacitance 

and to interfacial capacitance (double layer capacitance) [1.95]. It is interesting to observe how 

the intensity and proportion of these semicircles changes with exposure time. It can be seen 

that from 288 h to 336 h the first semicircle (related to the coating) do not change while the 

second one (interface) considerably increases, becoming bigger than the first one. This 

increase is probably related to the deposition of magnesium hydroxide in the interface, which 

has low solubility in water and would partially protect the metal surface. 
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Figure 5.2.9: Nyquist plot of a spin-coated sample dried in a vacuum oven at different exposure times.  

 
However, from 336 h to 648 h the opposite happens. At this time, the coating 

impedance considerably increases and the second semicircle is eliminated. This can be 

explained by the reaction of magnesium hydroxide with the polymer that would disturb the 

dissociation equilibrium of magnesium hydroxide in the products direction decreasing the 

amount of deposited base. The increase in coating resistance suggests that this reaction did not 

happen exclusively at the interface but also in the bulk coating (what is a very reasonable 

hypothesis since that magnesium hydroxide dissolved in water could diffuse through the 

coating) and that the formed polyamate has higher resistance than the pure PEI.  

From 648 h to 792 h there is a drastic decrease in impedance and 24 h after that the 

impedance was in the same order of the uncoated metal. This probably relates to the 

transformation of polyamate to polyamic acid by the salt contact with water, which has higher 

water affinity and would enhance the water diffusion through the coating, decreasing its 

resistance. Considering the proposed mechanism, it can be concluded that the formation of 

magnesium polyamate increases the impedance of the coating and helps to maintain this high 

impedance for at least 300 h. However, when magnesium polyamate is converted to polyamic 

acid, the coating impedance suffers a considerable decrease due to the higher water affinity of 

the polyamic acid unit. In this sense, the formation of magnesium polyamate has a positive 

effect in the protection of the sample while the formation of polyamic acid has a negative one. 
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This result suggests that this sample performance could be improved if the conversion of 

magnesium polyamate to polyamic acid could be inhibited or if the formed polyamic acid 

could increase the interfacial stability of the system by interacting with the substrate.               

This second option seems to take place in the case of PEI coatings on HF-treated 

substrates. In the case of HF-treated dip-coated substrate, a similar increase in the interfacial 

impedance can be observed in the bode plot from the exposure time of 2540 h to the time of 

3312 h, as shown in figure 4.2.2.7b. The presence of polyamate could also be confirmed in the 

XPS spectra of the interface of this damaged sample as shown in figure 5.2.10. It is shown 

that the  polyamate is formed only in the interface, and the HF-treated substrate maintains the 

same signals at higher depths (the signal above 57 eV is related magnesium fluoride 

interacting with the coating and the one at 51.5 eV to magnesium hydroxide). As previously 

commented, the acid-base interaction will become stronger as the magnesium polyamate is 

converted to polyamic acid as it has a much stronger acid character. 
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Figure 5.2.10: XPS spectra of the interface of a PEI coating on HF-treated substrate after exposure to the 

corrosive solution. 

 
Therefore, besides the initial stronger interfacial stability of the HF-treated coated substrate, 

the best performance of this system is also associated to the substrate interaction with the 

formed polyamic acid. This can be the reason for the drastic impedance decrease that takes 

place for the coated ground substrate for the exposure time of 1730 h to 1992 h as shown in 

figure 4.2.2.3a while the HF-treated coated substrate shows impedance increase in a similar 

exposure time.  
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5.3 – PVDF coatings 

5.3.1 – Influence of solvent 

 Different from PEI, PVDF is a semi-crystalline polymer where the crystallinity degree 

and type of crystalline phase can change with the processing of the polymer. Therefore it 

could result in coatings with distinct performances in corrosion tests depending on how they 

were prepared. It can be seen from table 5.3.1 that neither the crystallinity nor the melting 

temperature (crystalline phase) significantly changes with solvents and drying temperature. 

The main crystalline phase is α in all conditions (β and γ have melting points above 180 oC) 
[4.27] that is not a unexpected result since that it is the most common crystalline phase of 

PVDF. The literature [4.25, 5.9] reports that considerable amount of the other phases can only be 

formed by specific processes. Some of these processes are the casting of much diluted 

solutions at specific drying temperature and cooling the melt at certain conditions. An 

interesting method described in the literature for the preparation of PVDF films mainly in the 

β phase is to apply a specific stress in α-phased films, as reported by Lando [5.8].  

 The crystallinity slightly decreases when the polymer is dried at 180 oC indicating that 

the used cooling rate (the polymer was removed from the oven and place at room atmosphere) 

was considerably high to not allow the crystallization of all melted crystals. The samples dried 

at the same temperature showed similar crystallinity degree and melting temperature, with the 

exception of. the PVDF/DMAc (20/80) coating dried at 180 oC . This sample showed the 

lowest crystallinity degree.  Two analyses were performed for this sample and the same result 

was obtained. No apparent reason for this result could be found.  

As the crystallinity slightly decrease when the coatings were dried at 180 oC the 

increase in the number of pinholes shown in figure 4.2.4.2e is not related to a crystallinity 

increase as previously mentioned, but rather to changes in morphology produced by the melt-

recrystallization process. The lack of dependence of the crystalline phase to the used solvent 

is probably a result of the weak interactions between the polymer and solvents. As the 

interactions are only strong enough to dissolve the polymer, different orientations are not 

likely to occur by the use of different solvents. Besides that, no residual solvent was observed 

in any of the prepared coatings. Due to the similarities in morphology, crystalline phase, 

degree of crystallinity and residual solvent amount in the coatings prepared with different 

solutions, the performance of one coating is representative for all others dried at the same 

temperature. The one prepared using DMAc solutions was selected for further 

characterizations to have a better comparison with PEI. As the different solvents do not 

produce coatings with different properties and no residual solvent was observed, the choice of 



 134

the appropriated solvent for a particular application can be made based on other parameters, 

as for example, economic factors. 

 
Table 5.3.1 Crystallinity degree of the coatings prepared in different conditions. 

Solution Crystallinity  (%) Melting temperature 

(oC) 

PVDF/DMF ( 150 oC) 74 169 

PVDF/DMF ( 180 oC) 71 168 

PVDF/NMP ( 150 oC) 70 167 

PVDF/NMP ( 180 oC) 68  169 

PVDF/DMAc ( 150 oC) 73 167 

PVDF/DMAc( 180 oC) 61  167 

 

  5.3.2 – Effect of substrate pre-treatment 

 The substrate pre-treatment has a major influence in the protective properties of PVDF 

coatings, even higher as for PEI. It was observed that, while the performance of PVDF 

coatings on ground substrate was very poor, it was very good on HF-treated substrate. This 

difference is related to the adhesion of the polymer. PVDF is known as a low adhesion 

polymer, a property that is related to the low polarizability of the C-F bond, and usually 

requires specific substrate pre-treatments, or chemical modifications in the polymer structure, 

to be industrially applied as coating [1.81-1.83]. While on the HF-treated substrate, the interfacial 

interaction provided sufficient stability for the coating, on ground substrates the lack of 

interactions resulted in delamination after a few minutes of immersion. 

The best performance was observed for the HF-treated substrate. PVDF coatings on 

nitric acid cleaned substrate also showed good performance. The adhesion on this substrate 

was slightly superior to that on ground one as shown in table 4.2.4.3. This is related to the 

incomplete removal of magnesium oxide/hydroxide (observed by infrared analyses) during 

the nitric acid treatment. These compounds also interact with the polymer, as observed for the 

higher coating adhesion on as-received substrate. The as-received substrate had a superior 

performance than the ground one, due to this better adhesion which probably arises from 

interactions between the basic substrate surface and the acid methylene hydrogen on the 

polymer structure. However, the as-received coating substrate was not stable for more than 2 

days in the corrosive solution due to surface impurities, while the nitric acid cleaned one was 

stable for three days. The performance of acetic acid cleaned samples was similar to the 
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observed for ground substrates. This shows that the substrate surface roughness does not play 

a significant role for the coatings adhesion. At the evaluated coating thickness, no influence of 

CT/SR was observed for PVDF coatings. 

 This results show that chemical interaction is a much more significant parameter for 

PVDF coatings adhesion to AZ31 sheets than mechanical interlocking. Therefore, any 

treatment that aims to improve the adhesion of these coatings must increase the polarity of the 

substrate surface or the polarity of the polymer structure without necessarily increasing the 

roughness. A magnesium oxide/hydroxide layer on the substrate surface slightly increases the 

coating adhesion. However, the adhesion increase rendered by such layer is still low, 

especially when compared to the adhesion of PEI coatings (1.37 MPa while the adhesion of 

PEI is 5.38 MPa). The adhesion improved rendered by the HF treatment is the highest among 

the tested pre-treatments (2.22 MPa). The adhesion strength of PVDF coatings on HF-treated 

substrate is still much inferior to that of PEI coatings, but enough to render good performance, 

as observed in impedance and immersion tests. 

 

5.3.3 – Mechanism of coating degradation 

 It was demonstrated in section 4.2.4.2 that the coated HF-treated substrate shows a 

constant value of coating resistance and capacitance after some time of exposure, suggesting 

the occurrence of interfacial processes that brings the system to an equilibrium. One possible 

process responsible for this behaviour is the occurrence of interfacial reactions between the 

polymer and the corrosion product magnesium hydroxide, similar to the observed for PEI 

coatings. It is well known in the literature that PVDF can react with bases to eliminate 

fluoride and form a double bond, as schematically shown in the step I of figure 5.3.1 [1.82, 5.10, 

5.11].  
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Figure 5.3.1: General scheme of the interfacial processes. 
 

As hydroxide is formed by the arrival of water at the interface it is possible that this 

elimination reaction takes place. This would increase the formation of magnesium fluoride in 

the substrate surface (see figure 5.3.1). In this case, a self-healing process would happen with 

the conversion of the less protective magnesium hydroxide, formed during the corrosion 

process, in the more protective magnesium fluoride, restoring the initial condition of the 

substrate surface. For this mechanism all the formed Mg(OH)2 would be completely 

converted to magnesium fluoride since that its reaction with the polymer would disturb its 

dissociation equilibrium in the products direction. 
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To confirm the occurrence of this reaction the interfacial side of a PVDF coating on HF-

treated substrate after 3 months of exposure to 3.5 wt.-% NaCl was examined using XPS 

analyses. For this analysis, the coating was removed from the substrate using a sharp blade 

instead of using sputtering to avoid degradation of the polymer [5.11]. The spectra, shown in 

figure 5.3.2, clearly show the occurrence of interfacial reactions which changed the chemical 

composition of the film. It can clearly be seen that the intensity of the CF2 signal decreases in 

relation to the CH2 one compared to the surface side of the coating. In table 5.3.2 it can be 

observed that the atomic concentration of fluoride decreased from 43% to 33% confirming the 

occurrence of defluorination. 
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Figure 5.3.2: XPS spectra of the surface of an undamaged PVDF coating and of the interface side of a coating 

after 3 months of exposure to the corrosive solution. 

 

 It is interesting to observe in table 5.3.2 that the atomic concentration of fluoride 

decreases in the same quantity as the concentration of oxygen increases indicating the 

addition of oxygen in the polymer chain after fluoride removal. Besides that, it can be clearly 

seen in the C 1s XPS spectra that the width of the two peaks considerably increases indicating 

the formation of other carbon bonds besides the double bond (oxygenated derivatives would 

appears between 285 eV and 292 eV). The increase in these peak widths can be attributed to 

the formation of hydroxyl and carbonyl functionalities as described by Brewis et. al[5.9] and 

Ross et. al [5.10]. In the O 1s spectra, a strong signal at 530 eV (related to carbonyl oxygen) and 

a weak one at 535 eV (related to hydroxyl oxygen) were observed confirming the formation 

of these functionalities. This results show that the interfacial reaction do not stop on the 
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defluorination step, but rather moves forward in the formation of oxygenated derivatives. A 

complete mechanism of the reactions at the interface is schematically represented in figure 

5.3.1. It is important to mention that as the concentration of fluoride decreases at the same 

proportion as the concentration of oxygen increases, and that the formation of one mol of 

oxygenated product is formed by the elimination of, at least, two mol of fluoride it can be 

assumed that only a part of the formed double bonds react further to form oxygenated 

derivatives. 
 

Table 5.3.2: XPS results on the atomic concentration at the surface and interface side of a coating. 

Sample Fluoride ( atomic %) Oxygen (atomic %) 

Surface side 43.51  1.88  

Interface side 33.35 12.71 

 

It is important to comment that beside reacting with hydroxides to form oxygenated 

functionalities, the double bond formed in step I can react with the HF formed in step III 

(equilibrium between the FC-OH and C=O) to restore the original PVDF structure. This 

results in a cyclic process which would continue until the coating is sufficiently adhered to the 

substrate and until the rate of MgF2 formation is high enough to convert all the formed 

Mg(OH)2. Another important aspect that should be mentioned is that only low concentrations 

of sodium and chloride (approx. 1.4% atomic concentration) could be detected at the 

interfacial side of the PVDF coating after 2200 h of exposure to 3.5 wt.-% NaCl solution. This 

shows the good barrier property of the PVDF coatings in relation to ionic specimens. This is 

an important result for the understanding of the interfacial process. If high concentrations of 

NaCl could reach the interface it would be necessary to consider its effect on the interfacial 

process, as for example, the possible formation of NaF. Nevertheless, neither sodium nor 

chloride could be detected among the corrosion products after the long exposure to the 

corrosive solution, suggesting that the interfacial process is only governed by the arrival of 

water at the interface. 

Therefore, the constant value of the charge transfer resistance, observed in Figure 

4.2.4.3 can be explained considering the conversion of Mg(OH)2 to MgF2 at the interface 

while the constant value of the coating resistance can be explained by its reaction with 

hydroxides which result in compounds with probable lower ionic diffusion coefficients and 

higher adherence to the substrate. A water back diffusion (from the interface to the coating 

surface) of ions, water and hydroxides and the fill up of pinholes is responsible for the 

decrease and constant values of capacitances (figure 4.2.4.4), respectively. However, all these 
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interfacial processes would not be able to render high long-term stability to the sample 

without good adherence of the coating to the substrate. That is the reason why the 

performance of PVDF coatings was much superior in HF-treated than in the other substrates.  

Besides that, the formation of oxygenated functionalities will have considerable effect 

on the interfacial stability, since they increase the polymer adhesion [5.10]. The formation of 

carbonyl and hydroxyl groups will increase the polarity of the film that could enhance the 

acid-base interaction with the substrate. It is important to mention that certain amount of 

PVDF remained adhered at the substrate surface after the coating removal for the XPS 

analyses indicating strong adherence forces.  A total concentration of 27 % of carbon could be 

detected by XPS analyses at the substrate surface which is related to oxygenate derivatives of 

PVDF and probably to carbonate corrosion products (the oxygen concentration was 19%).  To 

better characterize the compound attached to the substrate, FT-IR microscopy analyses were 

performed. Figure 5.3.3a shows the microscopic image of this substrate (15 x magnification) 

where a damaged and an undamaged area (both exposed to the corrosive solution) can be 

observed. The spectra of the marked points are shown in figure 5.3.3b. For the two points of 

the undamaged area (blue and black) the signals related to the uncoated substrate (see figures 

4.1.1.4 and 4.1.1.5), which should appear below 1000 cm-1, are very weak or absent. On the 

other hand, it can clearly be identified the presence of carbon compounds by the signals 

between 1200 and 1600 cm-1. This further corroborates the presence of a thin film of PVDF 

derivative attached to the substrate even after coating removal. 

 The broad signal above 3000 cm-1, related to O-H stretching, confirms the presence of 

oxygenated PVDF derivatives. In fact, the uncoated substrate also has signals at this wave 

number (see figure 4.1.1.4) but considering the low intensity of the signals below 1000 cm-1 it 

can be concluded that the hydroxyl signals observed in the spectra are related to PVDF 

derivatives. The signals related to the substrate can be observed in the spectrum of the red 

spot, which is related to a corroded area.  

The lack of a strong signal between 1600 and 1700 cm-1 (C=O) suggests that the 

majority of the oxygenated derivatives attached to the substrate have the hydroxyl group 

instead of the carbonyl one. On the other hand, on the coating interfacial side, there is a strong 

carbonyl signal on the O 1s XPS spectrum, as previously commented. This suggests that all 

the steps shown in figure 5.3.1 happen. Step III is of particular importance for the long term 

stability of the interfacial process, as it generates HF which can restore the initial condition of 

the coating.  
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Figure 5.3.3: (a) Microscopic image of the damaged substrate after 3 months of exposure to the corrosive 

solution. (b) FT-IR spectra of specific points at the substrate surface. 

 

 Figure 5.3.4 shows that the film attached to the substrate has a chemical structure very 

different in comparison to the unmodified polymer. The signals related to the stretching 

modes of CH2 and CF2 are not present, as well as many bending modes in the range of 500 to 

1200 cm-1 and the stretching mode of carbon-carbon single bond, which should appear at 

1150 cm-1. The lack of these signals shows that the film is mainly composed of carbon-carbon 

double bonds with oxygenated functionalities. Another support for this conclusion is the 
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appearance of a new and strong signal at 1600 cm-1 which can be attributed to this carbon 

double bond stretching. 
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Figure 5.3.4: Infrared spectra of a pure and a modified PVDF film. 

 

 The stretching of carbon double bonds usually has very low intensity in infrared 

spectroscopy due to the lack of changes in the dipole moment (but it is visible in Raman 

spectroscopy). However, if one of the carbons is bonded to a hydroxyl group a dipole moment 

appears and the double bond stretching becomes strong. The film that remains attached to the 

substrate is mainly composed of carbon double bonds with hydroxyl groups, and a possible 

structure of this is shown in Figure 5.3.5. Some CH2 are still present as suggest by the 

presence of a signal at 1430 cm-1 related to its δ bend mode. 
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Figure 5.3.5: Possible structure of the film attached to the substrate. 

  

To complete this discussion and emphasize the good performance of this system, an 

image of the substrate of the sample exposed for three months to the corrosive solution is 
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shown in figure 5.3.6. It can be observed that even after this long exposure time only some 

small corrosion spots can be visualized at the surface. This shows the high potential of the 

system PVDF-coating/HF-treatment for the corrosion protection of magnesium alloys. 

However, similarly to PEI coatings, the long-term stability was much shorter in immersion 

than in EIS tests due to coating defects at the samples edges (Figure 5.3.7). The higher density 

of larger pinholes at the edges induces a to high hydroxide formation rate to allow to substrate 

healing by the interfacial process.  

 

 
 

Figure 5.3.6: Image of the substrate exposed for 3 months after the coating was peeled off. The circle indicates 
the exposed area. 

 
 
 
 

 
 

Figure 5.3.7: SEM image of coating prepared using PVDF/DMAc (15/85) solution and dried at 150 oC close to 

the sample edge. 
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5.4 – PAN coatings 

5.4.1 – Influence of solvent 

 As observed for PEI coatings, the presence of residual solvent had considerable 

influence on the coating performance. Table 4.2.5.1 shows that the capacitance of the spin-

coated PAN dropped to the half after the drying process and that the resistance increased one 

order of magnitude. Nevertheless, the influence of residual solvent was not as intense as it is 

in case of PEI. This can be related to the distribution of the solvent on the film. As previously 

demonstrated, in case of PEI, the electrolytes start entering in the coating through well 

defined solvent-rich domains. Such domains were not observed for PAN. The lack of solvent-

rich domains in PAN is related to a homogeneous solvent distribution in the coating. 

 Tests using DMAc and NMP solutions were also performed but disappointing 

coating performance was observed.  In case of PAN in DMF some studies in the literature [5.13, 

5.14] discuss the formation of a complex which complicates the total removal of the solvent. 

The formation of such complex is usually regarded as the reason for the superior properties of 

PAN components prepared from DMF solutions, in comparison with other solvents [4.38]. This 

complex is usually considered as an interaction between the nitrile group and the carbonyl 

carbon, or the nitrogen of the solvent. However, despite the presence of DMF signals in the 

infrared spectra shown in figure 4.2.6.3 no shifts in the nitrile signal were observed, 

comparing the PAN powder and the PAN coating, to corroborate this assumption. 

Nevertheless, the DSC analyses show an interesting influence of the solvent presence on the 

exothermic peak related to the cyclising process of PAN. It was previously commented that in 

temperatures close to 300 o C the nitrile group can cyclises as shown in figure 5.4.1, 

eliminating ammonia or hydrogenated compounds. This process results in a highly 

exothermic peak in the DSC diagram, as shown in figure 5.4.2. The analysis of this peak 

showed that for the powder PAN a heat of 393 J g-1 is evolved while a value of 553 J g-1 and 

of 508 J g-1 is evolved for the just spin-coated and the post-dried coating, respectively. 

Besides that, there is a shift in 3 oC to lower temperatures in the peak position from the 

powder to the coating. 
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Figure 5.4.1 Scheme of the thermal degradation of PAN. In the scheme, “X” can be impurities or chain defects. 

 

 The higher heat evolved in the presence of residual DMF can be explained 

considering the higher molecular energy of the polymer produced by the plasticizing effect of 

DMF. The solvent DMF plasticizes the polymer (the Tg of PAN goes from 97 oC to 91 oC 

with 5 wt.-%  of  DMF), which means that the polymer chain gets more mobile, in other 

words, more energy. This additional energy is released during the cyclising process resulting 

in higher evolved heat. Besides that, the higher energy of the polymer leads to the occurrence 

of the cyclising process at lower temperatures. Therefore, it can be assumed that certain 

amount of solvent was still present in the polymer even at the temperature of 280 oC, the onset 

of the exothermic peak. As the boiling point of this solvent is 150 oC and great part of it is 

eliminated between 130 – 230 oC as obtained by TGA analyses, it can be assured that strong 

interactions between the polymer and the solvent takes place. Nevertheless, the infrared 

spectra indicates that this interaction do not take place at the nitrile group.  
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Figure 5.4.2 DSC thermogram of the powder and PAN coatings. 

 

 Neither shifts nor changes in signal intensity were observed for the nitrile signal 

comparing the PAN powder and the PAN coating. The same result was also observed in some 

investigations in the literature [4.40, 5.12]  but the complex at the nitrile was still considered as 

the main interaction site. For instance, Phadke et al [4.40]. studied the interaction between DMF 

and PAN with different molecular weights and observed no changes for the nitrile peak. 

However he concluded that there was a complex between nitrile and solvent considering 

variations on the signals of pure DMF and DMF/PAN solutions. However, the shifts reported 

are usually in the range of 2 to 6 cm-1 and no information about the equipment resolution was 

given. Besides that, some shifts are reported in a range that goes from lower to higher values 

compared to the pure solvent making it complicate to draw any conclusions. 

 In the present study it is more likely that DMF interacts with other sites in the PAN 

molecule, as for example, the hydrogen at the tertiary carbon (methine carbon). In fact, 

another signal appears in the infrared spectrum of the coating in a frequency range that could 

be related to this interaction. However, these bands can also be related to the solvent. It was 

not possible to confirm this interaction by infrared spectroscopy. Some studies in the literature 

also discussed interactions between the methine hydrogen and DMF as discussed by Hattori et 

al. [5.13]. Hattori concluded that the interaction between isobutyronitrile (a model compound 

for PAN) and DMF occurs preferentially at the methine hydrogen instead of in the nitrile 

group. Therefore, due to the lack of evidence of an interaction between DMF and the nitrile 

group it can be assumed that DMF interacts with the methine hydrogen. This interaction is 
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strong enough to maintaining certain amount of solvent even at temperatures as high as 280 
oC as evidenced by the higher evolved heat during the cyclising of the coating. 

 In conclusion, it can be said that in a series of solvents that dissolves the polymer 

well, the one that is more volatile will produce more protective coatings. A similar trend is 

observed for PEI coatings, since that the more volatile solvent (DMAc) produced more 

protective coatings than the less volatile one (NMP). In PVDF this trend was not observed 

due to the lack of residual solvent in all prepared coatings. These results seem to be an 

obvious conclusion but there are some aspects that one should pay attention before selecting 

the more volatile solvent to use in the coating process. In general, the optimal solvent for the 

preparation of highly protective coatings should allow high polymer concentrations, dissolve 

well the polymer, be stable at room temperature and be easily removed.  

 A high polymer concentration is an important parameter to control the solution 

viscosity, and consequently, the final coating thickness. It was shown that the coating 

performance is extremely dependent on the coating thickness, especially when rough 

substrates are used. For PEI coatings, it was also commented that tests were done using 

CH2Cl2 (a very volatile solvent) solutions but bad performance were obtained, especially due 

to the low coating thickness which was a consequence of the low solution concentration. 

 The optimal solvent should also dissolve well the polymer otherwise the polymer 

will not be uniformly distributed on the substrate surface that will inevitably result in defects 

formation. A solvent that does not dissolve well the polymer will be probably instable at room 

temperature at certain concentrations, as is the case of PEI 10 wt.-%  in DMF, This leads to 

complications to the coating process due to the occurrence of some processes like gelation. If 

a series of solvent satisfy these previous conditions the more volatile one should be selected 

since that it will result in coatings with lower residual solvent amount, otherwise, more drastic 

and expensive drying methods will be required. 

 
5.4.2 – Influence of substrate pre-treatment 

 The influence of the substrate pre-treatment on the performance of PAN coatings was 

very similar to the one observed for PVDF. Both coatings showed very bad performance in 

ground, acetic acid cleaned and as-received substrate but good performance on HF-treated and 

nitric acid cleaned samples. The reasons for this are already discussed in the previous 

sections. The only marked difference between PAN and the other coatings is that a reaction 

between the polymer and the substrate surface take place even before the formation of 

corrosion products. It was shown in figure 4.2.6.7 that carbonyl signals appeared in the C 1s 
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XPS spectra at the interface, indicating a reaction between the hydroxides in the substrate 

surface with the nitrile group. 

 This reaction probably occurred during the drying of the samples due to the high 

temperature and could also be confirmed by infrared spectroscopy. While the CN/CH2 ratio of 

the powder and the coating prepared on ground substrate was 0.86 this value dropped to 0.52 

for the HF-treated substrate. Besides that, a new broad band appeared in the range of 1530 - 

1600 cm-1, shown in figure 5.4.3, which can be related to a cyclic structure. It can be seen in 

figure 5.4.3 that this broad band is not present in case of powder PAN and the coating on 

ground substrate. The literature shows that this cyclising reaction can occur in the presence of 

bases at temperatures as low as 25 oC that makes it very reasonable to considering its 

occurrence during the drying of the coatings [1.88].  The reaction mechanism is a mixture of the 

one presented in the first stage of figure 4.2.5.1 and the degradation mechanism which is 

shown in figure 5.4.1 where “X”, in this case, is the hydroxide at the substrate surface. 
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Figure 5.4.3 Infrared spectra of PAN coatings on ground and HF-treated substrate and of PAN powder. 

 

This reaction is certainly responsible for the superior performance of PAN coatings on 

HF-treated substrate compared to others. Nevertheless, this reaction did not provided high 

adhesion to the system as can be observed in table 4.2.6.2. Besides that it should be pointed 

out that, comparing with PEI and PVDF, the aspect of the PAN coating on HF-treated 

substrate was the worse after the EIS tests. This indicates that the interface of the PAN HF-

treated system was the less stable among the investigated ones. This can be related to the 

lower amount of polar groups in the polymer chain (compared to PEI) which results in poor 

adhesion, and to the presence of residual solvent that increased the diffusion of electrolytes. In 
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case of PVDF, the lack of polar groups was compensated by the lack of residual solvent that 

provided good barrier properties. Nevertheless, the performance of PAN follows the same 

trend observed for PEI and PVDF in the sense that the coating on HF-treated substrate had the 

best performance due to interface reactions/interactions. 

 As was observed for the previous two polymers, no relation between substrate surface 

roughness and adhesion was obtained. This corroborates the conclusion made about PEI and 

PVDF that chemical interactions between substrate and polymer are the most important 

parameter to renders good adhesion. This is also the reason why the adhesion of PEI was 

much higher than that of PVDF and PAN since that PEI has much more polar groups in its 

structure allowing different interaction sites with the substrate. Another conclusion that is 

corroborated by all polymers is that pre-treatments that do not increase too much the substrate 

surface roughness are preferred, especially when the coating thickness is around 15 µm. Thin 

protective coatings require smooth cleaning substrate pre-treatments. 

  

5.4.3 – Mechanism of coating degradation 

 As briefly discussed in section 4.2.6, PAN can also react with the formed magnesium 

hydroxide resulting in some derivatives as shown in figure 4.2.5.1 and figure 5.4.1. The 

hydrolysis of PAN is a well studied reaction although its exact mechanism is still under 

debate. The general scheme shown in figure 4.2.5.1 is a simplified mechanism of different 

possible reactions as discussed by Litmanovich [1.88]. The determination of the exact 

mechanism of hydrolysis is not the aim of this study, but rather the effect of this interfacial 

reaction on the coating performance. Therefore, only the aspects relevant for the coating 

behaviour will be considered here. 

 Aiming to investigate whether this interfacial reaction produced an adhesion increase, 

the coating over the exposed area was removed and infrared microscopy was used to analyze 

the damaged area. Similar to the observed for PVDF, a higher adhesion was observed during 

coating removal over the damaged area, indicating an increase in adhesion produced by the 

interfacial process. In figure 5.4.4 a microscopic view of the damaged substrate and infrared 

spectra of specific points of this sample are shown. It can be observed that the spectra are very 

similar to those shown in figure 5.3.3, for the PVDF coated HF-treated substrate after 

exposure. These similarities are expected since that both polymers have similar backbone 

structures (derivatives of polyethylene) and will produce similar hydrolysis products.  
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Figure 5.4.4: (a) Microscopic image of the damaged substrate after 2 months of exposure to a 3.5 wt.-% NaCl 

solution. (b) FT-IR spectra of specific points at the substrate surface. 

 

 The signals from 1250 to 1600 cm-1 are related to polymer derivatives, while the 

signals above 3000 cm-1 relate to O-H stretching which can be related to magnesium 

hydroxide and also to acidic derivatives of PAN. It is important to observe the lack of nitrile 

signal which indicates that no unmodified PAN has remained on the substrate. The lack of 

typical signals of CH2 below 1000 cm-1 also corroborates this conclusion. It is also interesting 

to observe that the concentration of the polymer derivatives on the substrate surface changes 

from spot to spot reaching its maximum at the red spot. Comparing these spectra with the 
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ones published in the literature [4.34-4.36] it can be concluded that these signals are related to 

cyclised PAN, as schematically shown in figure 5.4.1 for the thermal degradation mechanism. 

These spectra are especially similar to the one shown by Folcher et al.[4.34] when he reports the 

degradation mechanism of PAN at 210 oC. Folcher attributed the signals between 1530 to 

1700 cm-1 to mixed vibration modes of C=N, C=C and N-H while the signals between 1250 

and 1500 cm-1 were attributed to mixed CH2, C-H, N-H, C-N, C-C vibration modes. Similar 

band assignments are presented by other researchers [4.35, 4.36]. 

 Therefore, it can be concluded that cyclised derivatives of PAN are formed during the 

corrosion process and that it has stronger interaction with the substrate than the unmodified 

polymer. Besides that, the infrared and XPS spectra indicated the formation of carbonyl 

containing derivatives, as the ones shown in figure 4.2.5.1. Thus, both reactions probably 

occur at the interface. The acid site in the polymer derivative is probably the hydrogen linked 

to the nitrogen atom or even carbons between two nitrogen atoms, in case of the cyclised 

structure, and the carbonyl carbon or hydroxyl groups in case of derivatives shown in Figure 

4.2.5.1.  

 

5.4.4 – Potential use for biomedical applications 

 The tests made in simulated body fluid showed that some further improvements should 

be done before these coatings can be considered for biological applications. In general, the 

resistance obtained in immersion tests is not appropriate due to the low adhesion of the 

coating. Besides that, as DMF is an organic solvent with harmful effects to the human health, 

the coatings must have a much lower residual solvent amount to avoid intoxication. This 

requires drying processes more rigorous than the one applied in this study and maybe the 

replacement of DMF due to difficulties in completely remove it from PAN. Nevertheless, due 

to the interesting results published in the literature about PAN and even about HF-treated 

magnesium alloys in biological environments, the applications of PAN coated HF-treated 

substrates as biocompatible implants is an interesting area of research.  

 Besides that, a considerably high improvement in corrosion resistance of AZ31 alloys 

was produced by the HF-treatment followed by coating with PAN. It is also important to 

mention that AZ31 is an alloy with considerable high corrosion rate and it is expected that 

other alloys treated in the same manner will reach good stability in biological environments to 

be used as implants. To conclude this discussion it is important to remark once again that 

AZ31 is not an alloy suitable for biological applications due to allegations that aluminium 

may cause Alzheimer. Therefore, other alloying elements should be investigated for the 
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preparation of magnesium implants. The results shown here servers to demonstrate the 

potential of the HF-treatment followed by PAN coating in the protection of the substrate. 
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6 – Summary and conclusions 

  

Among the substrate pre-treatments investigated in this thesis, the one which renders the best 

performance for all the tested polymers is the HF one. This treatment decreases the Fe/Mn 

ratio to below its tolerance limit and creates a layer at the substrate surface, which contains 

mainly MgF2 but also oxides and hydroxides. This layer can easily interact with polymers that 

contain certain acidity, and even react with them, as was observed for PAN. This allows the 

occurrence of interfacial reactions during the corrosion process which renders long-term 

stability for the coating. Besides that, a self-healing process was observed in case of PVDF 

coatings. This result shows that the creation of stable basic layers on the surface of 

magnesium alloys is an interesting approach for the development of high efficient pre-

treatments for the application of polymer coatings. 

 

The process which rendered the best performance was the HF-treatment followed by PEI dip-

coating. The performance of the coatings treated in this manner was very good in impedance 

and immersion tests, and the coating showed good adhesion (5 MPa). PVDF coatings on the 

same substrate had also good performance but lower adhesion (2 MPa). The performance of 

PAN on HF-treated substrate was much inferior compared to the other two polymers. Among 

all the investigated coatings, the worst performance was observed for all spin-coated polymers 

in acetic acid cleaned substrates. 

 

For all three investigated polymer systems, the pre-treatment that is more suitable for 

industrial applications is the cleaning by nitric acid. For PAN and PVDF the performance of 

the coatings on nitric acid cleaned samples was only inferior to that of the HF-treated ones. 

Nevertheless, for the spin-coating process other pre-treatments should be investigated as their 

performances in HF-treated and nitric acid cleaned substrates were much inferior to the 

observed for ground substrates. The cleaning of the samples with acetic acid resulted in the 

worse performance of all polymers and is not an appropriate pre-treatment for this 

application, especially, when thin coatings have to be prepared. For all polymers, no 

correlation between adhesion strength and substrate surface roughness was observed. The 

adhesion is much more related to interactions between polar groups of the polymer and the 

metal surface. 
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Both spin and dip-coating methods can produce highly protective PEI coatings when the 

substrate is adequately prepared. The best long-term impedance per coating thickness was 

obtained by spin-coated PEI. This show the potential use of PEI coatings in the corrosion 

protection of magnesium alloys. In case of PVDF the morphology of the coatings prepared by 

spin-coating was porous even when prepared under nitrogen atmosphere. The performance of 

spin-coated PAN was much inferior to the performance of dip-coated PAN due to the lower 

coating thickness.  

 

For PEI and PAN, the solvent used for the coating preparation had considerable influence in 

the coating performance. This is due to the presence of residual solvent which enhanced the 

diffusion of electrolytes through the coating. The solvent also influenced the solution 

viscosity, and consequently, the final coating thickness. The best performance of PEI was 

observed when the coating was prepared using 20 wt. % solution in DMAc while for PAN the 

best performance was observed for a concentration of wt. 8% in DMF. In the case of PVDF 

coatings, no influence of solvents on the characteristics of the coatings was observed due to 

the low interaction between polymer and solvent which resulted in non-detectable residual 

solvent amount. The best performance of all coatings was observed at a coating thickness 

range of 11 – 15µm (considering a thickness variation at the vertical axis). 

 

Treating the alloy with HF and coating it with PAN considerably increased the sample 

stability in simulated body fluid, compared to the untreated alloy. However, the samples 

showed considerable degradation after 21 days of immersion indicating that further 

improvements should be achieved to meet the requirements for biomedical applications. 

Nevertheless, AZ31 is an alloy with a considerable high corrosion rate and it is expected that 

the same treatment on a more stable magnesium alloy will produce sufficient stability to be 

used as an implant. The easiness in surface modification of PAN to induce biocompatibility, 

the beneficial effect of fluorides in the bone constitution and the high stability of this systems 

show that HF-treatment followed by coating with PAN is an interesting approach to prepare 

bio-implants with the required corrosion stability. 
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